Electron microscopy of cyanobacterial membrane proteins by Folea, Ioana Mihaela
  
 University of Groningen
Electron microscopy of cyanobacterial membrane proteins
Folea, Ioana Mihaela
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2008
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Folea, I. M. (2008). Electron microscopy of cyanobacterial membrane proteins. s.n.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the





Electron microscopy  
of 











































Printed by Print Partners IPSKAMP B.V. 
Enschede, The Netherlands  
 
 





The work described in this thesis was carried out in the Electron Microscopy Group of the Groningen 









































Ioana Mihaela Folea 
geboren op 3 september 1979 
te Balcesti, Roemenië 
 
  
Promotor:   Prof. dr. E. J. Boekema 
 
Beoordelingscommissie: Prof. dr. B.W. Dijkstra 
Prof. dr. A.J.M. Driessen 
Prof. dr. E.-M. Aro 
     




































Part 1.  An introduction to photosynthesis in cyanobacteria 
 
 
1. Introduction  
 
Plants, algae and prokaryotic photosynthetic bacteria use light energy to synthesize 
organic compounds in a process called photosynthesis. Photosynthesis is arguably the most 
important biological process on our planet, because it provides the energy and reduced carbon 
required for the survival of all life, as well as the molecular oxygen necessary for the survival 
of oxygen consuming organisms. Atmospheric carbon dioxide is reduced to carbohydrates by 
photosynthetic organisms and most, if not all, is returned to the atmosphere as carbon dioxide 
by microbial, plant and animal metabolism, and by biomass combustion. This process has a 
profound impact on the Earth's atmosphere and climate. The fossil fuels currently being 
burned to provide energy for human activity were produced by ancient photosynthetic 
organisms. Over the current century, the large increase in the amount of atmospheric carbon 
dioxide created by human activity is certainly to have a profound impact on climate, in a 
process known as global warming (see Nobel Prize 2007). Detailed knowledge of the 
physico-chemical process of photosynthesis is essential for understanding the relationship 
between living organisms and the atmosphere and the balance of life on Earth.  
Because the organisms that carry out photosynthesis are quite different regarding their 
morphology, metabolism and photosynthetic reactions a brief description of its distribution is 
given here. From the viewpoint of the photosynthetic reactions it is important to note that all 
green plants and algae carry out oxygenic photosynthesis, which means that oxygen is 
evolved as a kind of “waste” during the reactions by water splitting. In addition, there is only 
one group of prokaryotes, cyanobacteria, which are oxygen-evolving organisms. All other 
prokaryotes carry out anoxygenic photosynthesis, in which no water-splitting events take 
place. Within the prokaryotic domain there are only four other main groups (phyla) of bacteria 
that contain species performing photosynthesis: Proteobacteria (also known as purple 





anoxygenic phototrophs, which were formerly known as green non-sulfur bacteria) and 
Chlorobi (green sulphur bacteria) (see Bryant and Frigaard 2006 for an overview of 
prokaryotic photosynthesis). Very recently a photosynthetically active member of a sixth 
phylum, the Acidobacteria, was discovered (Bryant et al. 2007), which was temporary named 




Since all experiments on photosynthesis described in this thesis were carried out with 
cyanobacteria, I will first give an overview of this important group of bacteria. 
The cyanobacteria constitute a very large and morphologically diverse group of 
oxygen-evolving photosynthetic prokaryotes. Cyanobacteria are thought to be responsible for 
the first appearance of oxygen on earth (Allen and Martin 2007). In the early days of 
evolution they deeply changed the atmosphere on Earth, making the development of aerobic 
life possible (De Marais 2000; Falkowski 2006).  
Cyanobacteria are autotrophic organisms and utilize oxygen-evolving photosynthesis 
to produce fixed carbon, as higher plants do. They can be found in most terrestrial, freshwater 
and marine habitats (Castenholz 2001) and have been also named as “blue green algae” 
because of their superficial resemblance to eukaryotic green algae, which are only distantly 
related. Because cyanobacteria are widespread in the oceans, they produce as much oxygen as 
the green plants. Although cyanobacteria are prokaryotes they are not exclusively unicellular; 
some species also grow in colonies which can be filamentous to branched in form, in which 
some cyanobacteria have a different morphology and metabolism. 
The photosynthetic process in plants and algae occurs in organelles known as 
chloroplast, whereas cyanobacteria have instead of organelles a highly organized system of 
internal membranes, the photosynthetic membranes which harbour the protein complexes that 
conduct the light-driven reactions of photosynthesis (Mustardy 1996). The photosynthetic 
membranes are also known as thylakoid membranes. In green plants and algae they fold on 
top of each other into stacks or disks forming grana. But most of cyanobacteria have the 
photosynthetic membrane arranged in multiple seemingly disconnected, concentric shells. 
Recent studies using electron tomography on thylakoid membrane structure revealed a 
discontinuous appearance, with multiple perforations with an opening of 20-150 nm in size, 
filled with particles (Nevo 2007). Sometimes the shells of the thylakoid membranes are fused 




continuous medium for the movement of both water-soluble and lipid-soluble substances 




Figure 1. Electron tomographic slices (~12 nm) from tomograms of cryo-immobilized, freeze-
substituted cells of (A) Synechococcus sp PCC 7942 and (B) Microcoleus sp. Labels: red 
arrowheads (perforations at multiple sites); CW (cell wall); R (ribosomes); G, polysaccharide 
(glycogen) granules; C, carboxysomes; P, extracellular polysaccharides, which envelope 
filaments of Microcoleus sp (Ohad et al. 2005); asterisk, thylakoid membrane extension 
crossing the cell. Around the cells are present gold particles used for image alignment. Scale 
bars, 200 nm (A); 500 nm (B).  
 
3. Reaction centres in oxygenic and anoxygenic photosynthesis 
 
The photosynthetic reactions can be divided into light reactions, which are the primary 
reactions where sun light is captured into chemically fixed energy and in the light-
independent (“dark”) reactions were this energy is used for synthesis of organic compounds 
from CO2, such as sugars. Some steps of the light reactions of photosynthesis take place in the 
reaction centres. There are two reaction centres known, type 1 and 2 reaction centers. 
Organisms performing anoxygenic photosynthesis have only one type of a reaction centre. It 
is either a type 1 center, as in green sulfur bacteria and heliobacteria, or a type 2 center, as in 
purple bacteria and filamentous anoxygenic bacteria, but never both systems together. In 
contrast, cyanobacteria and green plants performing oxygenic photosynthesis have both type 1 
and type 2 reaction centres, which are commonly known as Photosystem I and II. The type 1 
and type 2 reaction centres from prokaryotes are composed of only a few subunits. The type 2 
reaction centre of purple bacteria, for instance, is composed of three or four subunits. The 
remarkably stable four-subunit reaction centre of Rhodobacter viridis (former name 
Rhodopseudomonas viridis) was the first membrane protein for which a high-resolution 





grow in the dark using cellular respiration as a source of energy, or in the light by switching 
on their photosystem. Anoxygenic photosynthesis is assumed to have been the precursor of 
the oxygen-producing reaction and indeed there is homology between two of the type 2 
reaction centres from purple bacteria and green plants. Rhodopseudomonas palustris is 
another purple photosynthetic bacterium, which possess only a photosystem-II-like reaction 
centre that drives a cyclic electron transport pathway. Chlorobium tepidum, on the other hand, 
is an anaerobic green bacterium that uses only a photosystem-I-like reaction centre to harness 
light energy, drawing electrons from hydrogen sulphide for linear electron transport. 
The reaction centers of cyanobacteria and green plants are also multi-subunit protein 
complexes but substantially larger than those of the Rhodobacter and Chlorobium, with over 
10 different types of subunits per monomer for each. Both systems have in addition many 
copies of bound pigment molecules which facilitate light harvesting and transfer of captured 
excitation energy towards special pigment molecules known as P700 and P680 in the two 
reaction centres of photosystem I and II, respectively. Here charge separation takes place, 
which is finally fixed into ATP and NADPH molecules. In cyanobacteria the pigment 
molecules are formed by chlorophylls, phycobilins and carotenoids, which are specifically 
bound to protein subunits. These subunits belong either to the core antenna of photosystem I 
and II or to peripheral antenna complexes. Details about the structure and function of the 
reaction centres and the peripheral antenna complexes will be discussed in the next chapters. 
 
3.1 Structure of photosystem I 
 
Cyanobacterial photosystem I (PSI) has 12 subunits in many species of which a 
structure was solved by X-ray diffraction (Jordan et al. 2001). It is the largest and most 
complex membrane protein for which a high-resolution structure is known; hence Fig. 2 
shows the essential components making the overall shape within the membrane. Most of the 
monomer is made by two large subunits of about 82 kDa, named PsaA and PsaB. It functions 
as a kind of a scaffold for the many small subunits (PsaC, D, E, F, I, J, K, L, M and PsaX) 
with a mass between 20 kDa and 3.4 kDa. In cyanobacteria, PSI can exist as a monomer or a 
trimer, but in plants only monomers have been found. The plant PSI has the same scaffold 
proteins, but a larger number of small subunits. The oligomeric organization of cyanobacterial 
PSI depends on environmental conditions. Under low-light, almost all PSI exists as a trimer. 
After the structure was completed it became apparent that there is a distant structural relation 




photosystem II (photosystem b or Psb) subunits PsbA-PsaD together. This indicates that all 
oxygenic reaction centres have evolved from one original type of system, and that evolution 






Figure 2. Structure of Photosystem I. View of the membrane-bound subunits within a 
monomer, seen from the stromal side. The transmembrane helices of the PsaA subunit are in 
blue and those of the PsaB subunit are in red. The helices of the small subunits PsaF, J, I, K, 
M, L and X have been indicated by different colours. Head groups of peripheral chlorophylls 
are in grey. The PsaL subunit is responsible for the trimerisation of the monomer; a 
schematic trimer is indicated at the top right. The three hydrophilic subunits PsaC, D, E bind 
at the centre of the structure and have been omitted (the reaction centre chlorophylls, the 
carotenoids and the three iron sulphur centers have also been omitted). 
 
 
3.2 Structure of photosystem II 
 
 The core monomer of the PSII complex contains four large membrane-intrinsic 
subunits with 5-6 membrane spanning helices called D1 (PsbA) and D2 (PsbD), and CP47 
(PsbB) and CP43 (PsbC). In addition there are three membrane-extrinsic subunits (PsbO-Q in 
plants and PsbO, PsbU and PsbV in cyanobacteria) and a large number of small subunits, 
most of which span the membrane once. It has been shown that the PSII monomers can be 
fully active (Dekker et al. 1988), but that in vivo most of the complexes are organised as 
dimers. The organization of the dimers is very similar in cyanobacteria and green plants 





elongatus has been crystallized and its structure was solved to near-atomic resolution (Zouni 
et al. 2001; Ferreira et al. 2004) and more recently to 3.0 Å resolution (Loll et al. 2005). It 
appears to be a complex of 20 different protein subunits and 77 co-factors, which are mostly 
chlorophyll molecules. Besides the large subunits, mentioned above, 14 transmembrane α-
helices from small subunits are observed (Loll et al. 2005). Currently all -helices have been 
assigned to peripheral small subunits (J. Kern, A. Zouni et al. unpublished). PsbA (D1) and 
PsbD (D2) bind six chlorophyll a and two pheophytin a (carotene) molecules, while PsbB and 
PsbC (CP43) bind 16 and 14 chlorophyll a molecules, respectively. PsbA and PsbD constitute 
the photochemical reaction center in which the charge separation and primary electron 
transfer reactions take place, while PsbB and PsbC have a light-harvesting function, i.e., they 
absorb excitation energy and transfer this energy to the reaction center. They belong to the so-
called core complex antenna family, of which other members will be discussed in another 
section below. Even more importantly, they also accept excitation energy from the peripheral 
antenna and transfer this to the reaction center as well (Bricker and Frankel 2002; van 
Amerongen et al. 2003). This happens in green plants as well as in cyanobacteria, although 
the peripheral antenna is very different. It is of interest to note that there are no indications yet 
that any of the small proteins binds chlorophyll. Some may however be involved in the 
binding of β-carotene (Ferreira et al. 2004). This contrasts the situation in PSI, in which 
several of the small proteins do bind chlorophyll. The extrinsic proteins PsbO, PsbU and 
PsbV do not bind chlorophyll either. Their function is merely in protection of the water-
splitting machinery. The α-helices of four small subunits as well as helices of PsbA and PsbB 
are located in the dimerization domain. But there are also a number of lipid molecules that 
make most of the contact. The high number of organised single lipid molecules and clustered 
molecules is unusual for membrane proteins. It seems that a high degree of flexibility is 
required for the protein function and that this flexibility is "lubricated" by the lipid molecules 
(Loll et al. 2005).  











Figure 3. An overview of dimeric photosystem II. (A) side-view of the 3 Å resolution structure 
from the cyanobacterium Synechococcus elongatus (Loll et al. 2005, modified from 
http://www.esrf.eu/news/spotlight/spotlight31/) in which the extrinsic subunits are facing 
down. The position of the two-fold axis relating the monomers in the homodimer is indicated. 
(B) a view along the membrane plane as seen from the cytoplasmic side (equivalent to the 
stromal side in green plant chloroplasts. The most important protein subunits (reaction center 
D1, D2; antennae subunits CP43, CP47; Cyt b-559 and membrane-extrinsic subunits) are in 
different colours and small subunits with unknown function in grey. Cofactors are indicated 
in A and B: chlorophylls (green), ß-carotenes (orange), lipids (black), haems (blue, in the top 
view), Mn4Ca cluster (red spheres, in the left monomer of the side view). (C, D) side- and top 
view obtained from single particle electron microscopy, faced from the luminal side of the 
membrane. In D the most strongly stain excluding densities are indicated by asterices; they 
represent the extrinsic domains of the CP47 subunit (Kuhl et al. 1999). (E) schematic view of 
the position of the four largest subunits, D1, D2, CP47 and CP43, as seen from the luminal 
side.  
 
4. Peripheral antenna complexes 
 
The peripheral antenna complexes of green plants, cyanobacteria and some other 
bacteria differ substantially. In plants, there are a large number of small complexes, all 
membrane integrated. They belong to the Light-Harvesting Complex (LHC) superfamily 
(Green et al. 2003). A major part of the structure of these proteins consists of three 
transmembrane α-helices. Most well-known member of the LHC superfamily is LHCII, the 
major light harvesting complex of green plants. Its structure is now known at 2.5 Å resolution 
(Liu et al. 2004; Standfuss et al. 2004). This protein binds chlorophyll a, chlorophyll b and 





plants and several types of eukaryotic algae, and usually harvests light for PSII. Under some 
specific light conditions some of the trimers also funnel light energy towards photosystem I, 
and electron microscopy studies have shown the position of the docking site of LHCII on 
photosystem II (Kouil et al. 2005a). 
 
4.1 Peripheral water-soluble antenna systems in prokaryotes 
 
4.1.1 Phycobilisomes of cyanobacteria 
 
Cyanobacteria lack the LHC proteins with three membrane-spanning α-helices, but 
have instead water soluble antenna proteins, the phycobiliproteins. Multiple copies of 
phycobiliproteins are together forming a giant antenna complexes, phycobilisomes, located on 
the outer surface of the thylakoid membrane. Some cyanobacteria have also a membrane-
bound antenna and some others can induce membrane-bound antenna proteins under certain 
stress conditions. One of these proteins is called IsiA, and will be discussed below. The 
phycobilisomes are the most abundant water-soluble proteins in cyanobacteria and in certain 
conditions can account for up to 60% of the total protein mass in the cell. They are the major 
light-harvesting antennae for photosynthesis and absorb light and transfer light energy mostly 
to photosystem II. The phycobiliproteins bind numerous copies of pigment molecules for light 
harvesting; they are linear tetrapyroles known also as phycobilins. They include 
phycocyanobilin, phycoerythrobilin, phycourobilin and phycobiliviolin and are responsible 
for the blue-green pigmentation of most cyanobacteria. The phycobilisomes have a relatively 
simple overall structure, showing two substructures: a core structure found closest to the 
membrane surface and a series of rods emanating out from the core (MacColl 1988). A 
schematic view of a phycobilisome shows a central core structure being composed of three 
cylinders, containing several copies of allophycocyanin (bright blue). From the core structure, 
six rods are protruding. The base segment is formed by copies of phycocyanin (dark blue), 
whereas the distal segments contain phycoerythrin and in some cases also phycoerythrocyanin 
(in red). In the scheme of Fig. 6 a common type of phycobilisome has been indicated, which 
is present in Synechocystis 6803. This phycobilisome is composed of a core structure with 
three cylinders and six protruding rods. There are also phycobilisomes with other numbers of 
core cylinders (two or five) and protruding rods (twelve). In addition to the major proteins of 
phycobilisomes, mentioned above, they contain several polypeptides which are responsible 




blocks of the phycobilisome and for the interaction between these discs; they have been 
named “linker” polypeptides (see Adir 2005 for a recent review on phycobilisome structure). 
Furthermore, there are also some red algae and other species with phycobilisomes or single 
phycobiliproteins, but none of the green plants has anything similar to this remarkably large 
antenna complex. Although there are high-resolution structures for components of 
phycobilisomes, a detailed model for the whole complex is lacking. Finally, there is no 
detailed knowledge about their interaction with PSII and PSI. 
The phycobiliproteins absorb different wavelengths of light than chlorophylls. They 
absorb in the green, orange and red regions of the spectrum whereas chlorophylls absorb light 
most strongly in the blue and red regions, but poorly in the green. This allows organisms 
which contain them to carry out photosynthesis at water depths where mostly blue-green light 
remains, because pond weeds and other green plants at the water surface have already taken 
their part of the spectrum. In some cyanobacteria, the colour of light influences the 
composition of phycobilisomes. In green light, the cells accumulate more phycoerythrin, 
whereas in red light they produce more phycocyanin. Thus the bacteria appear green in red 
light and red in green light. This process is known as complementary chromatic adaptation 
and is a way for the cells to maximize the use of available light for photosynthesis (Palenik, 
2001; Everroad et al. 2006; Kehoe and Gutu, 2006). Cyanobacteria also move in response to 
light in a process called phototaxis. It means that during a day cycle they can move up or 
down in respect of the water surface. 
 
4.1.2 Chlorosomes of some specially adapted prokaryotes 
 
Chlorosomes are light-harvesting organelles found in all green sulfur bacteria 
(Chlorobi), some filamentous anoxygenic phototrophs of the phylum Chloroflexi, and in the 
recently discovered aerobic phototroph, Candidatus Chloracidobacterium thermophilum 
(Bryant et al. 2007). They mostly contain special bacteriochlorophylls that absorb in the near 
infrared between 720 and 750 nm. Chlorosomes are the largest known antenna structures, and 
organisms that use chlorosomes for light harvesting have been found at extraordinarily low 
light intensities under which no other phototrophs can grow. They can even survive at depths 
of over hundreds of meters in the ocean, a remarkable niche for photosynthetic organisms 
(Beatty et al. 2005; Manske et al. 2005). 
The chlorosomes of the model green sulfur bacterium Chlorobium tepidum have been 





bacteriochlorophyll approximately 100 to 200 nm in length and 40 to 60 nm in diameter. A 
single chlorosome contains, among other constituents, about 200,000 to 250,000 
bacteriochlorophyll molecules, 20,000 carotenoid molecules, 15,000 chlorobiumquinone 
molecules, 5000 protein molecules of 10 different types, and about 20,000 lipid molecules 
(Frigaard et al. 2004). The bacteriochlorophyll molecules form large aggregates in the 
absence of proteins in the hydrophobic interior of the chlorosome. Recent electron 
microscopy studies of the organization of the bacteriochlorophylls in chlorosomes indicate 
that Chlorobium tepidum chlorosomes do not have a highly regular, long-range 
bacteriochlorophyll layer organization and that they contain several multi-layered tubules 
(Oostergetel et al. 2007). A refined model is in progress. 
 
4.2 Peripheral membrane-bound antenna in cyanobacteria 
 
Some cyanobacteria have membrane-bound peripheral antenna subunits that belong to 
the so-called core complex antenna family of chlorophyll-binding proteins. Its most well-
known members are the CP47 and CP43 core antenna proteins of PSII, discussed above. 
CP47 and CP43 are located at fixed positions in the PSII complex and mediate the transfer of 
excitation energy from the peripheral antenna to the photochemical reaction center of PSII. 
Natural occurring antenna members of the core complex antenna family are the 
prochlorophyte chlorophyll a/b (Pcb) proteins, which show sequence homology with CP43 
(Green 2003). It was shown that Pcb proteins from Prochloron didemni (Bibby et al. 2003a) 
and a moderate-light adapted Prochlorococcus strain (Bibby et al. 2003b) can bind to dimeric 
PSII, whereas other Pcb proteins from the latter species and from an extremely low-light 
adapted Prochlorococcus species form a ring of 18 units around trimeric PSI (Bibby et al. 
2003a,b).   
One of the most interesting members of the core complex antenna family is IsiA, 
which is the abbreviation of Iron Stress-Induced Antenna protein. It was discovered in 2001 
by two independent groups that IsiA can form a ring of 18 units around trimeric PSI under 
iron stress conditions (Boekema et al. 2001; Bibby et al. 2001). IsiA is a membrane protein 
with a mass of 36 kDa which comprises six membrane-spanning alpha helices, resembling 
CP43 of photosystem II. The main difference with this protein is the much shorter large 
extrinsic loop between helices V and VI. In the IsiA protein of Synechocystis PCC 6803, the 
first cyanobacterium from which the genome sequence was determined, it is composed of 38 




2006, for a review on the family of core complex antenna proteins). Spectroscopic studies 
suggest that IsiA plays a surprisingly versatile role in cyanobacteria, by significantly 
enhancing the light harvesting ability of PSI and providing photoprotection for PSII 
(Yeremenko et al. 2004). Another remarkable phenomenon that was discovered was the 
flexibility of some of IsiA to make a variety of PSI-IsiA structures. Monomers of PSI can be 
surrounded with double rings of IsiA after prolonged iron stress. These rings are composed of 
12-14 copies in the inner ring and 19-21 copies in the outer (Kouil et al. 2005b). Finally, 
fluorescence studies suggest that IsiA aggregates without PSI protect cyanobacterial cells 
against the deleterious effects of light (Ihalainen et al. 2005). 
IsiA complexes have been extensively studied by single particle electron microscopy. 
It is also a topic to give an example how this technique is applied in practice. Single particle 
analysis is composed of some specific succeeding steps for obtaining filtered two-dimensional 
projection maps. The two most important steps are the alignment and the statistical analysis. 
In the alignment step the particle projections are rotationally and translationally aligned to 
bring them in equivalent positions. In the statistical analysis the projections are compared and 
subsequently classified. This step is crucial because particles can be heterogeneous. Some 
may have a different subunit composition and others may have a different conformation. 
Moreover, single particles usually can absorb in many (slightly) different ways to the carbon 
film which results in different projections. The effect of a different attachment to the carbon 
support film, on which the particles were prepared for microscopy, is illustrated in Fig. 4. 
Because the carbon support film is rough on the scale of protein molecules, subtle differences 




Figure 4. The projection map of the PSI3-IsiA18 supercomplex. The three slightly different 
maps are the effect of tilting of particles on the carbon support film. The final projections 
were obtained after statistical analysis and classification applied to a set of about 5000 single 
particle projections of the supercomplexes. (A) group of 231 projections showing well-
preserved three-fold rotational symmetry, representing non-tilted particles; (B) group of 2000 
slightly tilted projections (C) group of another 2000 projections showing a stronger deviation 





5. Function of the photosystems as part of the light reactions  
 
In the previous sections, I have introduced the main players in the light-harvesting and 
energy-transducing functions of oxygenic photosynthesis, localized in thylakoid membranes. 
But in addition to PSII and PS I and their antenna proteins some other proteins work in 
concert in the light reactions. The cytochrome b6f complex (cyt b6f) and ATP synthase are the 
most important ones to be discussed here. 
 
5.1 Cytochrome b6f complex 
 
The cytochrome b6f complex is a dimeric integral membrane protein complex of about 
220 kDa composed of eight to nine polypeptide subunits (Zhang et al. 2001). The four largest 
ones are the cytochrome b6 subunit, the Rieske iron-sulfur protein, cytochrome f subunit and 
subunit IV (reviewed in Dekker and Boekema 2005). The 24-kDa cytochrome b6 subunit has 
four transmembrane -helices and the 17-kDa subunit IV has three transmembrane helices. 
Cytochrome b6 and subunit IV are homologous to the N- and C-terminal halves of cytochrome 
b of the bc1 complex from the respiratory chain in mitochondria. The 19-kDa Rieske iron-
sulfur protein, consisting of an N-terminal single transmembrane -helix domain and a 140-
residue soluble extrinsic domain with a linker region connecting these two domains, has an 
overall function similar to that of the iron-sulfur protein in the bc1 complex. The 31-kDa c-
type cytochrome f subunit is functionally related to, but structurally completely different from, 
the cytochrome c1 in the bc1 complex. In addition to these four large subunits four smaller 
subunits, PetG, PetL, PetM and PetN, are each bound to the complex with one membrane-
spanning -helix. They have no counterparts in the cytochrome bc1 complex. An X-ray 
structure at 3.0 Å of the complex from the thermophilic cyanobacterium Mastigocladus 
laminosus (Kurisu et al. 2003) has been obtained. The structure of the b6f complex bears 
similarities to the respiratory cytochrome bc1 complex (Iwata et al. 1998) but also exhibits 
some unique features, such as binding a -carotene and one chlorophyll a molecule.  
In linear electron transfer, the cytochrome b6f complex receives electrons from PSII by 
plastoquinol and passes them to PSI by reducing the small proteins plastocyanin or 
cytochrome c6. This results in proton uptake from the stroma and generates a proton 
electrochemical gradient across the thylakoid membrane. This gradient is used by the ATP 
synthesis complex for generating ATP from ADP. Unlike the mitochondrial and bacterial 




both photosystems to a cyclic mode of electron transfer around PSI. There is no direct 
evidence that the cytochtome b6f complex can be associated to any other large complex of the 
thylakoid membranes (Heinemeyer 2004), but the 35 kDa Ferredoxin: NADP+ oxidoreductase 
can bind with one copy. This provides the connection to the main electron transfer chain for 
ferredoxin-dependent cyclic electron transport (Zhang 2001).  
 
5.2 ATP synthase from cyanobacteria 
 
The proton ATP synthase consists of a hydrophilic catalytic domain, F1, connected via 
a central stalk to hydrophobic membrane-embedded domain, F0. The F1 domain of the 
prokaryote E. coli consists of three copies of  and  subunits and single copies of the central 
stalk subunits  and  and a peripheral  subunit. The F0 domain is composed of a ring of 
about 10 c subunits, one copy of subunit a and two of subunit b.  
 
Figure 5. Model of the prokaryotic proton ATP synthase. 
The model is a composite of four different structures, 
combining structures determined by X-ray 
crystallography and NMR spectroscopy. See: The 
Protein data bank, "Molecule of the Month", December 
2005 by David S. Goodsell, at www.rsb.org/pdb. The 
model has been slightly modified by shifting the  
subunit to the top, according to electron microscopy data 
(Wilkens et al. 2000). Only one of the b and b’ subunits, 
supposed to make a superhelical coiled-coil, has been 
drawn. 
 
This is the most simple proton ATP synthase structure in terms of subunit composition. ATP 
synthases of photosynthetic bacteria, including cyanobacteria and plant chloroplasts have the 
same subunits, but two distinct b subunits are found (Cozens and Walker 1987). These 
subunits have been named b and b’ in cyanobacteria and in chloroplasts I and II. Sequence 
data also show that the subunits of the cyanobacterial ATP synthase are more closely related 
to their equivalents from chloroplasts than to those of E. coli and purple bacteria, in 
accordance with the common origin of cyanobacteria and chloroplasts (Werner et al.  1990).  
Fig. 6 illustrates the protein complexes discussed on scale. The two photosystems, 
which are coupled by a plastoquinone pool, the cytochrome b6f complex and the soluble 
electron carrier proteins plastocyanin or cytochrome c6 operate in series. The electron transfer 





membrane. The resulting electrochemical membrane potential drives the synthesis of ATP 
from ADP and inorganic phosphate, catalysed by the ATP synthase. Finally, photosystem I 
reduces ferredoxin, providing the electrons for the reduction of NADP+ to NADPH by 
ferredoxin-NADP+-oxidoreductase. NADPH and ATP are used to reduce CO2 to 
carbohydrates in the subsequent dark reactions. The NDH-1 complex is linked to 
photosynthesis, but is part of the respiration enzymes and is discussed in section 6.  
 
Figure 6. A schematic model of the thylakoid membrane of cyanobacteria. Within the 
membrane, the major complexes are photosystem I (bright green), photosystem II (dark 
green), the cytochrome b6f complex (purple), ATP synthase (red) and NDH-1 (ochre). The 
phycobilisomes are attached to PSII and may also be connected to PSI. By their large size, 
the phycobilisomes prevent close stacking of the thylakoid membranes, as observed in plants. 
This often leads to concentric rings of membranes, as illustrated in Fig. 1. 
 
6. Respiration in cyanobacteria 
 
Heterotrophic bacteria all have respiration, in which energy from for instance sugar 
compounds is converted and eventually used for synthesis of ATP. The terminal enzyme in 
the respiratory chain of mitochondria is the cytochrome c oxidase complex. Another abundant 
protein is cytochrome reductase or cytochrome bc1 (see section 5.1). Many cyanobacteria, 
including the standard cyanobacterium Synechocystis 6803, have an aa3-type of cytochrome c 
oxidase, but only in low quantities. This indicates that respiration serves only for maintenance 
in inevitable periods of darkness (Peschek 2005) and that photosynthesis is the dominating 
metabolic pathway. Cyanobacterial membranes do have, noteworthy, one protein in fair 
numbers which is related to the mitochondrial respiratory chain complex I, or NADH 
dehydrogenase. This protein is called NDH-1 and is discussed in the next section. 
 
6.1 The NDH-1 complex 
 
Cyanobacterial NDH-1 is the counterpart of NADH dehydrogenase from bacteria and 




(Fig. 7). The NDH-1 complex proton translocating enzyme is involved in two functions. First, 
it serves in respiration as a dehydrogenase but different from bacterial and mitochondrial 
Complex I it uses NADPH but not NADH as a substrate, so it is an NADPH dehydrogenase. 
Second, it functions as a CO2 uptake system and it can utilize both CO2 and HCO3- as carbon 
species (reviewed in Ogawa and Mi 2007). All prokaryotic and eukaryotic NADH 
dehydrogenase and Complex I enzymes share a minimal unit of about 14 subunits, but 
especially the mitochondrial enzyme form mammalians is very complex, because it contains 
about 30 (!) additional subunits. 
Proteomic studies revealed that the cyanobacterium Synechocystis 6803 has several 
functionally distinct NDH-1 complexes that have slightly different subunit compositions 
(Battchikova et al. 2005; Ohkawa et al. 2000). The two largest complexes, NDH-1L and 
NDH-1MS, have a mass of about 500 kDa. The NDH-1L complex participates in respiration 
and cyclic electron flow around PSI. It is composed of 15 subunits, of which eight belong to 
the membrane domain (NdhA, NdhB, NdhC, NdhD1, NdhE, NdhF1, NdhG and NdhL) and 
seven to the hydrophilic domain (NdhH-J, NdhM–NdhO) (Battchikova et al. 2005). NDH-1L 
appeared relatively unaffected by different growth conditions such as high- and low CO2, iron 
deficiency, salt stress. The NDH-1MS complex functions as a high-affinity CO2 uptake 
system and converts CO2 to HCO3- within the cell. It is strongly expressed in cells cultured 
under air levels of CO2, but the expression is drastically reduced under increased CO2 levels 
(Herranen et al. 2004). The two NDH-1 complexes differ in subunit composition. In the 
NDH-1MS complex the NdhD1 or D1 subunit of 56 kDa and the NdhF1 or F1 subunit of 72 
kDa have been replaced by homologous but slightly smaller D3 (54 kDa) and F3 (66 kDa) 
subunits, which are essential for active CO2 uptake (Badger et al. 2003). In addition, NDH-
1MS has two water-soluble proteins attached. One is CupA, a 51 kDa protein, which was 
found to be a component of NDH-1 involved in CO2 uptake by reverse genetics studies 
(Shibata et al. 2001; Maeda et al. 2002) and the other is a small subunit recently named CupS 
[12] and encoded by sll1735 in Synechocystis 6803 and tll0221 in T. elongatus. There is in 
addition a second NDH-1 particle functionally in CO2 uptake; it has been designated NDH-
1MS’ (Battchikova et al. 2007). This particle of 440 kDa has subunits D1 and F1 replaced by 
D4 and F4 and has CupB attached, which is a homologue of CupA, and CupS (Shibata et al. 
2001; Maeda et al. 2002). It appears that the NDH-1MS’ particle shows low affinity to CO2 
and is constitutively expressed, in contrast to the high-CO2 affinity NDH-1MS complex, 
which is induced under low CO2 (Shibata et al. 2001). It may be that CupA is equivalent to 





7). Finally, it is remarkable that although the NDH-1 complex is supposed to be a NDPH 
dehydrogenase the NADH oxidizing unit is lacking in the genome (Ogawa and Mi 2007). It is 
not known which other type of proteins may take over the role of the NuoE-G subunits that 




Figure 7. A schematic model of NDH-1 / complex I from cyanobacteria and plant 
mitochondria. All complexes consist of a membrane domain and a hydrophilic domain, but 
cyanobacterial NDH-1 lacks the NADH oxidizing unit of the latter domain, made by the 
subunits NuoE, F and G (names according to the E. coli nomenclature) and also the carbonic 
anhydrase domain, which is unique in plant mitochondria. Instead, some complexes have an 
unknown domain at the tip of the membrane domain connected to the NdhD and NdhF 
subunits, which are the counterparts of NuoM and NuoL in E. coli. 
 
 




On the basis of their ribosomal RNA sequences, Carl Woese and coworkers (Woese et 
al. 1977; 1990) proposed a tripartite scheme of the universal tree of living organisms with 
three domains: the Bacteria (eubacteria), Archaea (archaebacteria) and Eukarya (eukaryotes), 
which is now commonly accepted. In certain characteristics the Archaea are closer to the 
Eukarya than the Bacteria, especially in characteristics pertaining to DNA binding proteins 
(homologues of histones and ribosomes), DNA replication, transcription, glycosylation and 
gene organization (White, 2000), but in many other they are more similar to Bacteria.  
The members of Archaea, as Bacteria, are single-celled prokaryotic microorganisms with cell 




cytoplasmic membrane. Typical lipids are composed of repeating isoprenyl groups ether-
linked to a glycerol backbone, as compared to bacterial membrane composed of diglycerides 
ester-linked to a phosphate group (White, 2000). The structure of the cell surface is also 
unique because the cells walls of Archaea are chemically and structurally diverse and do not 
contain peptidoglycan, which forms the peptidoglycan layer. Instead there is an S-layer (from 
surface layer), formed by hexagonally or tetragonally arranged surface layer proteins in a 
crystalline structure. 
Archaea inhabit some of the most severe environments on the earth, in terms of 
extreme pH conditions, salinity and temperature, where eubacteria and eukaryotes cannot 
survive. Hence archaea are sometimes named and initially, archaea were all thought of as 
extremophiles that exist only in hostile habitats, such as hot springs, but more recently it 
became increasingly clear that archaea are in fact widely distributed in nature and are 
common inhabitants of much less extreme habitats, such as soils and oceans (DeLong 1998).  
 
7.1 Appendage systems in Archaea  
 
Archaea living in extreme habitats are also of interest from the standpoint of structural 
biology because their proteins are thermostable. The Sulfolobus extremophiles species are a 
popular Archaea for fundamental research. These organisms belong to the crenarchaeota, 
comprising the relatively tight clustering of archaebacteria, whose general phenotype appears 
to resemble most the ancestral phenotype of the Archaea. This name was proposed by Woese 
and co workers in 1990. It is likely that the extremely thermophilic Archaea need special 
biochemical and biophysical properties which enable them to fully function under conditions 
where other proteins denature such as the S-layer and flagellar filaments. Both Eubacteria and 
Archaea perform motility using rotating flagellar filaments or retracting pili. Figure 8 shows 
the appendages of a popular archeal cell. 
Many prokaryotes, including both eubacteria and archae, have several types of surface-
attached appendages with an overall helical structure that can have a variable length of up to 
several hundred micrometers and a diameter varying between 4-24 nm. Most of them belong 
either to the group of flagella (singular flagellum), or to the pili (singular pilus). Other types 
of appendages, such as the Type III secretion systems, have a rather defined length and are 






















 Figure 8. A typical Sulfolobus solfataricus                    Figure 9. Higher magnification,  
 bacterium with a diameter of about 2 m with              unprocessed images of A. Flagella, 
 attached flagella and pili. The thicker flagella              B. pili from Sulfolobus acidocaldarius. 
 and longer (red arrow) seem to be less rigid     The diameter of filaments is 140 Å 
 than the thinner pili (yellow arrow).                              for flagella and 100 Å for pili. 





The bacterial flagellar filament is a helical propeller for bacterial locomotion. It is a 
helical assembly of a single protein, flagellin, and its tubular structure is formed by 11 
protofilaments in two distinct conformations, L- and R- type, for supercoiling. The X-ray 
crystal structure of a flagellin fragment lacking about 100 terminal residues revealed the 
protofilament structure. The full filament structure of Salmonella typhimurium was solved by 
electron cryomicroscopy based on a density map obtained from image data up to 4 Å 
resolution (Yonekura et al. 2003). This work can be considered as a milestone in EM research 
and it considerably helped in understanding the mechanism of supercoiling and 
polymerization. A complete atomic model of the R-type filament shows the molecular 
packing and an alpha-helical coiled coil formed by the terminal chains in the inner core of the 
filament, with its intersubunit hydrophobic interactions having an important role in stabilizing 
the filament. 
Structural and biochemical studies of the archaeal flagellar filament show significant 
differences from the eubacterial flagellum (Trachtenberg and Cohen-Krausz 2006). The 




has a 3.3 subunits/turn of a 1.9 nm pitch left handed helix compared to 5.5 subunits/turn of a 
2.6 nm pitch right-handed for eubacterial flagellin filaments. Moreover, it is glycosilated  
(uncommon for eubacterial flagella), which is thought to be one of the important factors for 
stabilizing the flagellins under extreme conditions (Logan 2006). The aminoacid composition, 
although highly conserved within the group, looks unrelated to the eubacterial flagellins, one 
of the most conserved biological complexes (Hyman and Trachtenberg 1991). The 
archaebacterial flagellar filaments studied so far (Sulfolobus shibatae, Sulfolobus solfataricus, 
Sulfolobus acidocaldarius) have three-start helical symmetry and are mostly composed from 
2-5 flagellins. The archaeal flagellum resembles the bacterial type IV pili: glycosylation, the 
N-terminal hydrophobic domain oriented to the central core of the whole structure, the 
presence of a cleavable signal peptide and cell-proximal end assembly are all similar to the 
pilus assembly and not to the bacterial flagella. 
So far, despite of all accumulated data, the molecular mechanism of assembly and function of 
the archaeal flagellum it is not fully understood. 
 
7.1.2 Pili.   
 
Gram-negative bacteria have evolved several mechanisms, called type I-V secretion 
systems, to secrete proteins into the surrounding medium. Pili are type IV secretion systems 
employed in translocation of a variety of macromolecules (proteins, DNA etc).  In 1973, 
Weiss reported for the first time the presence of pili in Sulfolobus cells (Weiss, 1973). The 
medium-resolution pilus structure from several pathogenic bacteria, such as Neisseria 
meningitidis, has been determined (Audette et al. 2004; Collins et al. 2004), but little is 
known about the protein composition and structure of archaeal pili.  
Recently, it has been observed in Sulfolobus that cells aggregates and form pili after 
being exposed to UV light. Therefore, pili are thought to play a role in the aggregates 
formation prior to conjugation. Currently, there is a lot of research ongoing concerning the 
biochemistry, genetics and functions of archaeal pili. However, one question to be answered 
is whether the Archaea posses, as Bacteria, multiple types of pili (Albers S.V. et al., 









Part 3.  Scope of this thesis 
 
 
In general, this thesis is devoted to reveal novel membrane protein complexes, as well 
as the organization of large protein complexes within the membrane of cyanobacteria and 
implicitly to better understand the functional aspects of proteins as consequence of the 
internal arrangement. In addition there is a chapter on the appendages of Archeae. 
The basis of the second chapter of this thesis was the idea to study the complete set of 
membrane proteins from the standard cyanobacterium Synechocystis 6803 without 
purification. This yielded an L-shaped complex that could be recognized as NDH-1 from 
previous EM studies. It had, however, an extra domain which is almost totally absent after 
purification. The labile extra domain was considered to be the CupA protein and assignment 
was achieved by using by a mutant lacking CupA and a double mutant lacking CupA and 
CupB. 
The third chapter discusses the organization of PSII in the membrane. It is shown that 
by membrane solubilization using mild detergents not only single protein complexes can be 
extracted but also intact membrane patches with semi-crystalline proteins arrays. The 
crystalline patches containing photosystem II from Synechocystis 6803 were analyzed by 
electron microscopy. A model for the membrane organization of the proteins involved in the 
light-harvesting reactions is presented. 
 The fourth chapter describes the presence, structure and function of a giant membrane-
inserted supercomplex between photosystem I and the iron-stress induced protein IsiA, again 
from the cyanobacterium Synechocystis 6803. The giant complex contains a trimeric structure 
of PSI, and in addition two rings of IsiA with a total of 43 copies. 
In the fifth chapter the structural characterization of pili from Sulfolobus solfataricus 
is presented.  
The sixth chapter discusses a strategy of finding novel membrane protein complexes 
by combining single particle electron microscopy and biochemical detection methods, such as 
mass spectrometry and blue-native polyacrylamide gel electrophoresis (BN-PAGE). It also 
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The larger protein complexes of the cyanobacterial photosynthetic membrane of 
Thermosynechoccus elongatus and Synechocystis 6803 were studied by single particle 
electron microscopy after detergent solubilization, without any purification steps. Besides the 
“standard” L-shaped NDH-1L complex, related to complex I, large numbers of a U-shaped 
NDH-1MS complex were found in both cyanobacteria. In membranes from Synechocystis 
ΔcupA and ΔcupA/cupB mutants the U-shaped complexes were absent, indicating that CupA 
is responsible for the U-shape by binding at the tip of the membrane-bound arm of NDH-
1MS. Comparison of membranes grown under air levels of CO2 or 3% CO2 indicates that the 
number of NDH-1MS particles is 30 fold higher under low CO2. 
 















Over the last 20 years, single particle analysis of electron microscopy (EM) 
projections has become a well-established technique to obtain structural information about 
large biomacromolecules at a resolution of 10–20 Å (Frank 2002). In some favourable cases a 
much higher resolution has been achieved on ice-embedded virus particles or other complexes 
with a high symmetry (Ludtke et al. 2004). Membrane proteins are more difficult to process 
by cryo-EM at high resolution, because single complexes are surrounded by a detergent layer 
to keep them in a monodisperse state. Single particle averaging on negatively stained 
specimens, however, offers the possibility to process thousands of projections within a day, 
yielding 2D projection maps of at least 20 Å resolution. The method includes statistical 
analysis and classification, and is able to sort and average 2D projection maps of membrane 
proteins from heterogeneous samples, which can be semi-purified samples. In this way a set 
of projection maps is achieved, which may contain the object of interest, but also maps 
specific contaminants. In a recent study of photosystem II (PSII) complexes from 
cyanobacteria two different particles, obtained by different purification schemes, were 
compared by single particle analysis, SDS gel analysis and mass spectrometry (Arteni et al. 
2005). Mass spectrometry indicated that the two particles differed by the absence or presence 
of PsbZ, a small peripheral subunit of 6.8 kDa. By EM analysis the location within the 
structure could be determined (Arteni et al. 2005). In addition, a contaminating L-shaped 
protein was found, which was suggested to be NDH-1, the cyanobacterial counterpart of 
Complex I. This tentative assignment of NDH-1 could be confirmed after comparison with 
purified NDH-1 (Arteni et al. 2006).  
Arteni and coworkers suggested that screening for membrane protein structures by 
single particle EM, in combination with biochemical analysis, might be an interesting 
approach to find novel protein structures (Arteni et al. 2005). To further test the idea of 
finding novel transient membrane protein complexes by single particle EM we applied the 
method to a complete set of non-purified complexes from solubilized photosynthetic 
membranes of two different cyanobacteria: Thermosynechococcus elongatus and 
Synechocystis 6803 (see below). One of the aims was to find novel structures, for instance of 
NDH-1, because this is a very fragile, heterogeneous complex, see (Battchikova et al. 2005) 
for a review.  
Proteomic studies revealed that the cyanobacterium Synechocystis 6803 has several 




two largest complexes, NDH-1L and NDH-1MS, have a mass of about 500 kDa. The NDH-
1L complex participates in respiration and cyclic electron flow around PSI. It is composed of 
15 subunits, of which eight belong to the membrane domain (NdhA, NdhB, NdhC, NdhD1, 
NdhE, NdhF1, NdhG and NdhL) and seven to the hydrophilic domain (NdhH-J, NdhM–
NdhO) (Battchikova et al. 2005). NDH-1L appeared relatively unaffected by different growth 
conditions such as high- and low CO2, iron deficiency, salt stress. The NDH-1MS complex 
functions as a high-affinity CO2 uptake system and converts CO2 to HCO3- within the cell. It 
is strongly expressed in cells cultured under air levels of CO2, but the expression is drastically 
reduced under increased CO2 levels (Herranen et al. 2004). The two NDH-1 complexes differ 
in subunit composition. In the NDH-1MS complex the D1 subunit of 56 kDa and the F1 
subunits of 72 kDa have been replaced by homologous but slightly smaller D3 (54 kDa) and 
F3 (66 kDa) subunits, which are essential for active CO2 uptake (Badger and Price 2003). In 
addition, NDH-1MS has two water-soluble proteins attached. One is CupA, a 51 kDa protein, 
which was found to be a component of NDH-1 involved in CO2 uptake by reverse genetics 
studies (Shibata et al. 2001; Maeda et al. 2002) and the other is a small subunit recently 
named CupS (Ogawa and Mi 2007) and encoded by sll1735 in Synechocystis 6803 and 
tll0221 in T. elongatus. There is in addtion a second NDH-1 particle functionally in CO2 
uptake; it has been designated NDH-1MS’ (Battchikova et al. 2007). This particle of 440 kDa 
has subunits D1 and F1 replaced by D4 and F4 and has CupB attached, which is a homologue 
of CupA, and CupS (Shibata et al. 2001; Maeda et al. 2002). It appears that the NDH-1MS’ 
particle shows low affinity to CO2 and is constitutively expressed, in contrast to the high-CO2 
affinity NDH-1MS complex, which is induced under low CO2 (Shibata et al. 2001). 
In this paper we analyzed the larger membrane- and membrane associated complexes 
from T. elongatus and Synechocystis 6803 by single particle EM analysis directly after 
solubilization, without a purification step, to omit potential loss of transiently bound subunits. 
We focussed on NDH-1 complexes, which can be easily detected in EM images, because of 
the unique L-shape. In addition to L-shaped NDH-1, we found U-shaped particles, which had 
a similar hydrophylic domain as the L-shaped NDH-1 complex named NDH-1L (Arteni et al. 
2006). To establish the presence of CupA in the extra domain of the U-shaped particles, we 
made a comparison to particles solubilized from the membranes of CupA and CupA/B 
mutants and here we show that the loosely attached density at the tip of the membrane arm of 






2. Materials and Methods 
 
2.1 Cultivation of cyanobacteria and preparation of thylakoid membranes 
Synechocystis sp. PCC 6803 WT, ΔcupA and ΔcupA/cupB strains were grown in BG-
11 medium under continuous light of 50 μmol photons m-2s-1 at 3% CO2 (HC), and then 
transferred to air level of CO2 (LC). The thylakoid membranes of Synechocystis WT and 
mutant strains were isolated from 100 ml cell culture according to (Zhang et al. 2004). 
Thermosynechococcus elongatus WT was cultured at 45°C in BG-11 media at 5% CO2 (HC) 
or air level of CO2 (LC) and illuminated with white light of increasing intensity (50 – 250 
μmol photons m-2s-1). Thylakoid membranes were prepared according to (Kuhl et al. 2000).  
  
2.2 Solubilization of membranes from T. elongatus and Synechocystis 6803  
For preparing EM specimens, membranes from T. elongatus grown at high (5%) CO2 
and low CO2 were solubilized with 1% (or 2%) digitonin at a 0.5 mg/ml final chlorophyll 
concentration. The suspension was stirred for 30 min using a small magnet stirrer, at 4° C and 
followed by 15 min centrifugation at 15,000 g. The unsolubilized material was discarded and 
the supernatant used for electron microscopy analysis. Thylakoid membranes from 
Synechocystis WT and mutants were solubilized using digitonin at 3% final concentration and 
0.3 μg/μl chlorophyll final concentration for all samples (WT, ΔcupA, ΔcupA/B grown in low 
CO2 and high CO2).   
For blue-native (BN)/SDS PAGE, the thylakoid membranes of Synechocystis WT, 
ΔcupA and ΔcupA/cupB (7.5 μg chlorophyll) were pelleted down and resuspended at a 
chlorophyll concentration of 0.6 μg/μl. Then an equal volume of detergent solution was added 
to the thylakoid suspensions to final detergent concentration of 1.5% β-DM or 3% digitonin 
(the final chlorophyll concentration 0.3 μg/μl), and the gels were run for 5 h and stained with 
silver as described earlier (Zhang et al. 2004). For immunoblotting, thylakoids equivalent to 3 
μg chlorophyll were solubilized and separated in SDS-PAGE containing 6 M urea (Laemmli 
1970). The proteins were electrotransferred to a PVDF membrane and immunodetected by 
specific antibodies against CupA, NdhD3 and AtpA/B proteins (Zhang et al. 2004). The 





2.3 Electron microscopy and single particle analysis 
Samples were made from solubilized membranes by dilution in buffer with detergent 
and subsequent negative staining using 2% uranyl acetate on glow- discharged carbon-coated 
copper grids. Electron microscopy was performed on a Philips CM120 equipped with a LaB6 
tip operating at 120 kV. The “GRACE” system for semi-automated specimen selection and 
data acquisition (Oostergetel et al. 1998) was used to record 2048 x 2048 pixel images at 
66,850x calibrated magnification (3.75 Å) with a Gatan 4000 SP 4K slow-scan CCD camera. 
A total of 15,000 particle projections were collected. Single particle analysis was performed 
using Groningen Image Processing (“GRIP”) software packages on a PC cluster. The best 70-




3.1. Structural analysis of solubilized membranes 
Thylakoid membranes of wild-type T. elongatus and Synechocystis 6803, grown at 
low CO2 and high CO2 conditions were solubilized with 1-3% digitonin and directly applied 
to electron microscopy grids without further purification steps. A typical EM image of 
negatively stained particles is presented in Fig. 2. From such images we selected all large 
recognizable single particle projections. They were analyzed by single particle averaging, 
which includes classification of projections and the averaging of class-members of 
homogenous subsets of particles into 2D maps. A gallery of selected 2D maps is presented in 
Fig. 2. First, we found a novel U-shaped complex in top- and side-view position (Fig. 2A,B). 
The upper left part strongly resembles the hydrophilic domain of purified NDH-1 from T. 
elongatus in side-view position (Fig. 2C) (Arteni et al. 2006), which indicates that this U-
shaped particle is a NDH-1 complex.  
Identical complexes were found in solubilized membranes from Synechocystis 6803. 
Second, we found a hexagonal particle, in top- and side-view position was very common after 
solubilization, even if the membranes were washed several times to remove water soluble 
components (Fig. 2 D,E). The staining profile suggests that it probably is a membrane-
attached protein rather than a membrane-integral complex, because the latter always have 
some low-contrast areas due to the fact that the negative stain is not penetrating hydrophobic 
domains of proteins. It is tentatively assigned to glutamine synthetase. A cyanobacterial 
fragment with trimeric symmetry is assigned to allophycocyanin (Fig. 2F), because very 





unpublished observations). Next, the “standard” trimeric Photosystem I (PSI) complex (Fig. 
2G) and the dimeric PSII complex (Fig. 2H) were common in both cyanobacteria and finally, 
the proton ATP synthase complex (Fig. 2N) was found. In addition, small numbers of double 
dimers of PSII were found (not shown), which were described before in (Kuhl et al. 1999).  
 
Figure 1. EM frame showing an overview 
of solubilized membranes from T. 
elongatus, grown on high CO2. Boxes mark 
projections of trimeric Photosystem I 
(bright green); dimeric photosystem II 
(dark green), phycobilisome fragments 
(blue), NDH-1 (orange), and an unknown 
hexagonal particle (purple). The space bar 
























Figure 2. A gallery of 2D projection maps from single particle EM of solubilized membranes 
from T. elongatus and Synechocystis PCC 6803. (A) NDH-1 side view from T. elongatus, (B) 
NDH-1 top view from T. elongatus, (C) purified NDH-1 from Synechocystis (reproduced from 
Arteni 2006), (D,E) a water-soluble hexagonal particle, tentatively assigned to glutamine 
synthetase in top- and side-view position, (F) cyanobacterial fragment with trimeric symmetry 
assigned to allophycocyanin, (G) trimeric photosystem I complex, (H) Photosystem II dimeric 
complex from Synechocystis, (I) proton ATP synthase complex. Space bar for all frames 






3.2. Comparison of WT and mutant Synechocystis membranes 
The U-shaped particle was found by analyzing the major complexes from solubilized, 
non-purified membranes of T. elongatus is a NDH-1 complex, due to similarities with 
purified L-shaped NDH-1 from T. elongatus (Arteni et al. 2006), see Fig. 1.  
The question then remains is how to assign the extra mass on the tip of the 
hydrophobic arm. For this purpose we analyzed in addition the membranes from 
Synechocystis CupA and CupA/B mutants and compared particles with those of wild-type 
Synechocystis 6803 membranes. They were grown at low- and high CO2 levels, because of 
possible differences of expression of NDH-1 particles. 
From each solubilized membrane probe around 500 images were recorded and on 
average, about 1000 single particles were selected for single particle analysis. Statistical 
analysis and classification showed that in all preparations U-shaped and/or L-shaped particles 
were present but within the 2D maps of these particles no variation was found (Fig. 3). There 
were however, significant differences in the numbers of particles. The electron microscopy 
specimens were made by diluting the solubilized material a hundred times. In this way the 
total amount of solubilized membrane complexes was comparable on all specimens. Hence 
we could estimate the relative amount of NDH-1 by counting numbers of particles per image. 
Table 1 shows that in the case of WT the total amount (U-shaped and L-shaped) NDH-1 is 
three times higher in low CO2 compared to high CO2. If we take into account that the ratio of 
L-shaped to U-shaped particles was 3.5 : 6.5 in low CO2 (see Table 1) this means under low- 
and high CO2 conditions the amount of L-shaped particles is the same (within about 10%), but 
that the amount of U-shaped particles is about 20 times higher under low CO2 conditions.  
 
Figure 3. Comparison of NDH-1 complexes. (A) 
The U-shaped NDH-1 complex from T. elongatus 
with the standard NDH-1L complex purified with 
-DM, (B). The extra density on the tip of the 
hydrophobic arm is assigned to CupA (see text). 
 
In the case of mutants, the amount of NDH-I is low compared to the wild type. In all 
these cases only L-shaped Complex I could be observed. In conclusion, according to electron 
microscopy data the total absence of U-shaped particles in the Cup A mutant and the 
CupA/CupB double mutant indicates that the extra mass at the tip of the hydrophobic arm is 







Table 1. Numbers of L-shaped and U-shaped NDH-1 complexes found after detergent 
solubilization in Synechocystis WT and mutants grown at high and low CO2 conditions 
 
 In wild-type T. elongatus there was also a difference in the ratio of U-shaped and L-
shaped particles; there were significantly more U-shaped particles under low CO2 conditions, 
confirming the semi-quantitative results in Synechocystis 6803. 
 
3.3 Biochemical characterization of Synechocystis WT, ΔcupA and ΔcupA/cupB 
membranes 
The composition of Synechocystis WT, ΔcupA and ΔcupA/cupB membranes was 
compared by performing BN-PAGE and SDS-PAGE (Fig. 4). The membrane of ΔcupA/cupB  
was very similar to that of ΔcupA (data not shown). The 2D gels clearly demonstrated that 
NDH-1MS (containing CupA protein) was totally dissociated to NDH-1M and NDH-1S in 
DM solubilized WT low CO2 sample, whereas about half of NDH-1MS remained intact in 
digitonin solubilized WT  (low CO2) sample. Due to similar molecular masses of NDH-1L 
and NDH-1MS, these two complexes migrated at almost the same position in BN-PAGE (Fig. 
4). However, the NDH-1MS complex can be distingushed by the presence of the CupA 
protein (48 kDa), and by a slightly bigger mass than NDH-1L. The mutants ΔcupA (Fig. 4) 
and ΔcupA/cupB (data not shown) lack completely CupA containing NDH-1S and NDH-1MS 
complexes. Comparing the samples solubilized by these two detergents at conditions used 
                            High CO2                            Low CO2 
                                                             
                                                            WT Synechocystis 
      number of particles 771 (590 images)      number of particles 2500 (834 images) 
       35 U-shaped       736 L-shaped       1624 U-shaped      876 L-shaped 
                                                    
                                                     Synechocystis CupA mutant 
      number of particles 119 (280 images)          number of particles 360 (439 images) 
        0 U-shaped       119 L-shaped         0 U-shaped      360 L-shaped 
                                                   
                                                  Synechocystis CupA/B mutant 
     number of particles 350 (500 images)      number of particles 800 (921 images) 




here, it is also clearly shown that cytochrome b6f complex was in its dimer form when 
digitonin was used to solubilize the membranes, while mainly as monomer when using DM. 
This indicated that 3% digitonin solubilized membranes are more intact compared to those 















Figure 4. BN-PAGE gels (on the top) and silver stained 2D-BN/SDS-PAGE gels of 
Synechocystis WT and ΔcupA membranes. The cells were grown at low CO2 (LC) conditions, 
and the membranes were solubilized with 1.5% DM or 3% digitonin. The major protein 
complexes on BN gels are marked. The NDH-1M, -S and -MS complexes are emphasized in 
red. In silver stained 2D gels the black arrows indicate the Ndh subunits in various NDH-1 
complexes (NDH-1L, NDH-1M, NDH-1MS and NDH-1S). Note that the NDH-1MS complex is 
present only in WT thylakoids solubilized with digitonin, and harbors about half of the CupA 
proteins, the other half residing in the NDH-1S complex. The CupA protein is indicated by 
blue arrows. Notes: SbtA: the Na+-dependent primary bicarbonate (HCO3–) transporter; 
NDH-1S, a fragment of NDH-1MS, containing NdhD3, NdhF3, CupA and CupS proteins. 
 
It seems that about half of the NDH-1MS complex remains intact in 3% digitonin 
solubilized membranes, which corresponds to U-shaped particles in EM. In DM solubilized 
samples, the NDH-1MS complex was totally dissociated to subcomplexes. The CupA 
containing NDH-1 complexes were completely missing in the CupA and CupA/B mutants. 
The immunoblots (Fig. 5) clearly demonstrate that the CupA and NdhD3 proteins, 
which belong to the NDH-1MS complex, were present only in WT low CO2 sample, and were 








Figure 5. Immunoblots of Synechocystis WT, 
ΔcupA and ΔcupA/cupB membranes 
demonstrating that the CupA and NdhD3 
proteins are present only in the WT low CO2 
sample and missing from all other samples. 
Numbers of L-shaped and U-shaped NDH-1 
complexes found after detergent solubilization 
in Synechocystis WT and mutants grown at 




The aim of this work was to show that single particle analysis is able to find novel 
structures of membrane proteins or protein complexes. In the case of the photosynthetic 
membranes of T. elongatus several novel structures were found, including a U-shaped NDH-1 
particle. The omission of a purification step is crucial, because only very low numbers of U-
shaped NDH-1 complexes were found in an EM analysis of purified NDH-1 from T. 
elongatus (Arteni et al. 2006). The assignment of the composition of the extra domain, 
however, can only be solved in combination with other methods. There are at least three 
strategies to solve this problem. The first is to purify the NDH-1 complex by chromatography 
and to perform mass spectrometry. Because it is known that NDH-1 from some cyanobacteria 
such as T. elongatus has a His-rich region in the membrane-integral F1 subunit (Zhang 2005), 
this could be used as a natural His-tag for affinity purification. However, NDH-1 complexes 
are very labile, as mentioned before. The second strategy is to compare with one of the 
several cyanobacteria that lack genes that may be responsible for the extra domain. There are 
several cyanobacteria without the CupA and/or CupB gene in the genome (Ogawa and Mi 
2007). The third strategy, applied in this study, is to work with mutants that lack CupA. In the 
membranes of the CupA and CupA/B mutants no U-shape particles were found (Table 1), 
which indicates that CupA is located at the tip of the membrane arm of NDH-1.  
The general conclusion of our EM investigation, in combination with existing data on 
the heterogeneity of NDH-1, is that there are two main NDH-1 complexes in T. elongatus and 
Synechocystis 6803. First, there is a L-shaped NDH-1L complex, which is expressed in equal 
numbers under low and high CO2 levels and second, there is a U-shaped NDH-1MS complex, 
which is expressed in high numbers under low CO2 levels. In this complex, CupA is attached 




experiments on the same mutants (Fig. 4). In EM side view projection, the area of the extra 
domain at the tip of the membrane arm is 59% of the 49 nm2 area of the hydrophilic arm, 
which is composed of the subunits NdhH, I, J, K, M, N and O with a total mass of 170 kDa 
(Battchikova et al. 2005). From 2D surfaces the 3D volume can only be roughly estimated 
because the third dimension is not known. But if the CupA protrusion would have the same 
proportions in 3D as the hydrophilic arm, the unknown third dimension could be about 5.5 nm 
and the extra domain would have a mass of up to 80 kDa. This is compatible to 61 kDa, the 
sum of single copies of CupA (51 kDa) and CupS, a 10 kDa protein proposed to associate to 
CupA (Battchikova et al. 2005).  
The role of CupB is not yet established. CupB might be associated to NDH-1MS’ in a 
similar way as CupA to NDH-1MS (Battchikova et al. 2005). It was proposed that the NDH-
1MS’ particle shows low affinity to CO2 and is constitutively expressed, in contrast to the 
high-CO2 affinity NDH-1MS complex, which is induced under low CO2 (Shibata et al. 2001). 
However, in the CupA mutant there were no remaining U-shaped particles present. 
Moreover, if there would have been two types of U-shaped particles in the WT membranes of 
Synechocystis, it is very likely that the EM projection maps would differ slightly because the 
Cup B domain at the tip of the membrane arm is about 20 kDa smaller than the CupA plus 
CupS domain. However, such heterogeneity was not found. Another particle that might have 
been expected is the NDH-1 particle with the extended hydrophilic arm. The standard 
cyanobacterial and chloroplast NDH-1 complexes are very similar to the E. coli Complex I, 
but lack counterparts of the NuoE, -F and -G subunits, which results in a substantial shorter 
arm than the complex I from E. coli (see Brandt 2006 for a review). However, low numbers 
of NDH-1 complexes with an extended arm were found in an analysis of a large data set of 
purified NDH-1 complexes from T. elongatus (Arteni et al. 2006), indicating NDH-1 
particles including proteins with a structural homology to the E. Coli Complex I NuoE, -F 
and -G subunits. In the current study such particles were almost not observed, which 
indicates that this catalytic domain is not present in significant numbers. It might be more 
abundant under other growth conditions, such as heterotrophic growth. 
 In summary, our combined approach of electron microscopy and biochemical analysis 
shows that it is possible to assign a transient component of a multi-subunit protein complex 
without a single purification step, if averaged 2D projection maps can be obtained with 
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Domain organization of photosystem II in membranes of the 
cyanobacterium Synechocystis PCC6803 









The supramolecular organization of photosystem II (PSII) complexes in the photosynthetic 
membrane of the cyanobacterium Synechocystis 6803 was studied by electron microscopy. 
After mild detergent solubilization, crystalline PSII arrays were extracted in which dimeric 
PSII particles associate in multiple rows. Image processing of the arrays shows that the PSII 
dimers are tightly packed at distances of 12.2 and 16.7 nm. The domains are considered to be 
an important type of association for preventing of either spill-over energy from PSII towards 
photosystem I or direct energy flow from phycobilisomes to photosystem I, because the latter 


















On a global scale the cyanobacteria and green plants are the most important groups of 
oxygenic photosynthetic organisms. Oxygenic photosynthesis is mediated by two large 
membrane-embedded photosystems, named photosystem I (PSI) and photosystem II (PSII). 
The green plant and cyanobacterial photosystems have several core subunits which are rather 
homologous, but the peripheral light-harvesting antenna proteins which are associated to PSI 
and PSII are very different in sequence and organization. Green plants have membrane-bound 
antenna proteins, belonging to the LHCII family. These proteins are lacking in most 
cyanobacteria. Instead, water-soluble phycobiliproteins are organized into giant (3-7 MDa) 
phycobilisome complexes, which are primarily associated to PSII, but also can serve 
excitation energy to PSI (Adir 2005).  
The organization of the photosynthetic thylakoid membrane of green plant 
chloroplasts is very special, because it consists of two main domains: the grana, which are 
stacks of thylakoids, and the stroma lamellae, which are unstacked thylakoids and connect the 
grana stacks. PSII and LHCII reside mainly in the grana membranes, while PSI and ATP 
synthase reside predominantly in the stroma (see Dekker and Boekema 2005 for a review). 
One of the main consequences of stacking is the physical separation of PSI and PSII. It has 
been argued (Trissl and Wilhelm 1993) that the separation of the antenna systems of PSI and 
PSII is essential for efficient photosynthesis, because the kinetics of the trapping of excitation 
energy is much faster in PSI than in PSII, and a location of both antenna systems at short 
distances would lead to an uncontrolled flow of energy from PSII to PSI. The stacking not 
only prevents this spill-over of excitation energy, but it also provides the chloroplast the 
means to fine-regulate the light need for photosynthesis (Horton 1999). The stacking also 
provides PSII a very large functional antenna, in which excitation energy can flow within a 
thylakoid membrane and between two stacked membranes. In addition, it provides an easy 
means to adapt to low-light conditions, in which both the amount of LHCII and the extent of 
stacking have been shown to increase (Anderson 1986). Within the membrane PSII is 
sometimes forming highly ordered semi-crystalline domains (Dekker and Boekema 2005). 
The cyanobacteria do not show a tight stacking of membranes, because of the presence of the 
phycobilisomes. There is no evidence for an extensive domain organization in cyanobacteria, 
but many electron microscopy studies have reported the presence of row-like associations of 




al. 1997). In one case small semi-crystalline PSII arrays were reported (Westermann et al. 
1994). 
State transitions form a physiological adaptation mechanism that changes the interaction of 
the peripheral antenna proteins with the PSI and PSII core complexes. In cells adapted to 
State 1, phycobilisomes transfer energy primarily to PS II. In cells adapted to State 2 a 
significant proportion of phycobilisomes transfer energy to PS I instead. The main trigger for 
state transitions is reduction or oxidation of plastoquinone or a closely associated electron 
carrier. However, the signal transduction pathway that links a change in plastoquinone redox 
state to a change in the binding properties of phycobilisomes remains unknown (McConnell et 
al. 2002). On the larger scale level of the membrane the process is also not fully understood. It 
was found that in the cyanobacterial membrane large scale organization changes occur under 
state transition. It was found in Synechocystis 6803 and 6714 that under state 1 light the PSII 
complexes are arranged in row-like superstructures, whereas under state 2 light the orientation 
of PSII complexes was more random (Olive et al. 1986; Olive et al. 1997). Based on this a 
“spill-over model” was proposed. It predicts that excess energy absorbed by pigments 
associated with PSII (either in the phycobilisome or the Chl a core antenna) spills over to PSI 
in state 2 (see McConnell et al. 2002 for an extensive discussion). The spill-over model 
considers that a change in the membrane organization of PSI and PSII, as observed by 
electron microscopy (EM), is important. More recently, however, it was considered that the 
phycobilisomes play a specific role to (re)direct part of the excitation energy either towards 
PSI or PSII. It was found with FRAP measurements that the phycobilisomes diffuse quite 
rapidly, but that PSII is immobile on the timescale of the measurement, indicating that the 
linkage between phycobilisomes and the photosystems is unstable. Based on these data it was 
proposed that the lateral diffusion of phycobilisomes is involved in regulation of 
photosynthetic light-harvesting (state 1-state 2 transitions). Perhaps the best evidence for a 
connection between phycobilisome diffusion and state transitions comes from experiments 
with changing the osmotic strength. As the osmotic strength of the medium increases the 
phycobilisomes slow down and then they stop. Over the same range of osmotic strengths state 
transitions slow down and then they stop as well. (Joshua et al. 2004). Other research claimed 
that light-induced state transition depends completely on a movement of phycobilisomes 
toward PSI or PSII (Li et al. 2006). 
The above discussed higher-order membrane organization of PSII and the 
cyanobacterial membrane morphology was mostly found by electron microscopy performed 





understand processes like state transition in more detail, there is a strong need for higher 
resolution data. Single particle averaging based on negatively stained specimens can provide 
much higher resolution data, in the range of 2 nm or better, because this averaging technique 
efficiently retrieves the signal from noisy EM projections. In a previous EM study of purified 
photosystem II (PSII) small numbers of double dimers were found as a contaminant of the 
standard single dimers (Kuhl et al. 1999) and provided a first 2D map. One way to improve 
this map could be to purify double dimers for EM analysis. The purification approach is 
sometimes frustrating, because many of the higher order associations of photosynthetic 
membrane complexes are fragile and are difficult to purify, if possible at all. As an alternative 
way, a state transition complex between green plant PSI and LHCII was characterized without 
purification (Kouil et al. 2005). The assignment was possible because single particle analysis 
can classify heterogeneous data sets of protein complexes. Recently this procedure was used 
to assign the position of the loosely bound CupA protein on the cyanobacterial membrane 
complex NDH-1 (Folea et al. 2008). In this study we followed the same strategy. Thylakoid 
membranes from the cyanobacterium Synechocystis 6803 were partially solubilized with the 
mild detergent digitonin and EM specimens were prepared directly after solubilization.  
 
2. Materials and Methods 
 
2.1 Cultivation of cyanobacteria and preparation of Thylakoid membranes 
Synechocystis sp. PCC 6803 WT was grown in BG-11 medium under continuous light of 50 
μmol photons m-2s-1 at air level of CO2. The thylakoid membranes of Synechocystis were 
isolated from 100 ml cell culture according to (Zhang et al. 2004).  
  
2.2 Solubilization of membranes  
For preparing EM specimens, membranes from Synechocystis were solubilized with 
2% digitonin at a 0.5 mg/ml final chlorophyll concentration. The suspension was stirred for 
30 min using a small magnet stirrer, at 4° C and followed by 15 min centrifugation at 15,000 







2.3. Electron Microscopy and single particle analysis 
Samples were made from solubilized membranes by dilution in buffer with detergent and 
subsequent negative staining using 2% uranyl acetate on glow- discharged carbon-coated 
copper grids. Electron microscopy was performed on a Philips CM120 equipped with a LaB6 
tip operating at 120 kV. The “GRACE” system for semi-automated specimen selection and 
data acquisition (Oostergetel et al. 1998) was used to record 2048 x 2048 pixel images at 
66,850x calibrated magnification (0.375 nm) with a Gatan 4000 SP 4K slow-scan CCD 
camera. A total of 50 photosystem II crystals and 500 single particle projections of 
photosystem II double dimers were collected from about 4000 images. Single particle analysis 
(Frank 2002; Ludtke et al. 2004; Arteni et al. 2005) was performed using Groningen Image 
Processing (“GRIP”) software packages on a PC cluster. Crystal fragments and single 
particles were repeatedly aligned and classified and finally the best 70% of the data set was 
taken for the final sums. 
3. Results 
Partial membrane solubilization and subsequent electron microscopy on negatively 
stained specimens revealed the projections of many single particles and small membrane 
fragments. Most of the membrane fragments consisted of rectangular-shaped crystalline 
arrays (Fig. 1). The most regular arrays were collected and submitted for image analysis. The 
arrays consist of several rows of dimeric PSII complexes, most of them comprised of two 
rows (left 5 examples, Fig. 1). The upper right frame displays an array that is part of a larger 
piece of membrane which is partly non-crystalline. In the lower right frame the crystal is built 
up of 5 rows of PSII dimers. The average 2D map, obtained by merging small crystal 
fragments from 50 crystals, shows that the arrays contain equidistant spaced PSII dimers. The 
spacing is 12.2 nm in the vertical direction (along the rows) and 16.7 nm between the rows, as 




















Figure 1. Gallery of PSII crystals negatively stained with 2% uranyl acetate. 
Electron microscopy of solubilized membranes shows a large spectrum of single particle 
complexes, some of them easily recognizable by their particular shape. Among them, the most 
abundant were trimeric PSI, the ATP synthase and, NDH-1 complexes (Folea et al. 2008) and 
dimeric PSII. Moreover, double PSII dimers were found and a final 2D map was obtained 
from a sum of 500 projections (Fig. 2B). The features of the double dimer map appear to 
match very well with those of the dimers within the 2D arrays and with single dimers, 
analyzed previously (Kuhl et al. 1999; Arteni et al. 2005).The center-to-center distance 
between dimers in the double dimers is the same as in the crystals. But at the periphery the 
dimers are larger than the dimers in the crystals. The difference is caused by the detergent 
shell. Integral membrane proteins are only soluble as protein-detergent micelles and the 
detergent shell is not penetrated by the negative stain and thus significantly contributes to the 
total surface in projection (see also Kuhl et al. 1999 for details). In the rectangular arrays PSII 
dimers are tightly packed in the lipid membrane, without detergent between them.  
 
 
Figure 2. Image analysis of PSII crystals 
and single particles. (A) 2D projection 
map of averaged crystalline membrane 
fragments (B) Sum of 500 projections of 






In order to see if the double PSII dimer has the same overall features as the singular dimers, 
the high-resolution X-ray structure (Loll et al. 2005) was fitted in the EM 2D map of the 
double dimer and the crystal (Fig. 3). The match is reasonably good, if we take in account that 
the periphery has the detergent contribution. At the interface, however, the EM map is larger 
in surface, indicated by red asterices (Fig. 3). It is possible that these sites contain subunits 
which are lacking in the purified dimers from which the X-ray structure was solved.  
 
Figure 3. Comparison of PSII double 
dimer map with the high-resolution 
X-ray structure. The high-resolution 
structure (PDB entry 2axt, Loll 2005) 
was fitted in and is seen from the 
lumenal side of the membrane. Green 
arrows indicate space for possible 
additional protein components not 





The process of photosynthesis cannot be understood without a detailed knowledge of 
the structure of its single components. Detailed knowledge about the subunits and pigments of 
cyanobacterial PSI and PSII has been derived from high-resolution structures obtained by X-
ray diffraction studies (Jordan et al. 2001; Loll et al. 2005). For insight of the interactions of 
PSI and PSII detailed knowledge of the supramolecular organization of these photosynthetic 
complexes within the cyanobacterial membrane is also crucial.   
EM performed on partially purified Synechocystis 6803 membranes indicated that the 
only larger structures are PSII double dimers and the PSII crystalline arrays. A similar, but 
lower-resolution 2D map of double dimeric PSII particles was presented earlier for 
Thermosynechococcus elongatus (Kuhl et al. 1999), but the fact that the PSII is packed in 
well-ordered arrays is a novel finding. The double dimers are considered to be break-down 
products of rows of PSII dimers. We did not observe intact single rows, and just a few triple 
dimers were found. Apparently the rows break down more often in double dimers. The 
distance between the dimers was found to be 12.1 nm and the same spacing was found in 
freeze-fracture EM specimens before (Mörschel et al. 1987; Vernotte et al. 1990). We 
measured a center-to-center distance between dimers in the double dimer of 12.8 nm. This 





to 15 nm for Synechocystis 6803 (A. A. Arteni, I. M. Folea, G. Ajlani, E.J. Boekema, 
unpublished results). This means that a 1:1 match of phycobilisomes on top of rows of PSII is 
possible as proposed before (Mörschel et al. 1987; Bald et al. 1996; McConnell et al. 2002). A 
good match is especially possible when the phycobilisomes make an angle with the PSII 
rows, as will be discussed below in our model. 
The domains of multiple rows of PSII as observed in this study are unexpected, 
because most studies indicated only the presence of single rows of PSII, although small PSII 
arrays were found in the cyanobacterium Synechocystis BO8404 with a spacing of about 18 
nm between the rows (Westermann et al. 1994). The distance between the rows is 16.7 nm 
whereas the length of a phycobilisome in this direction is about 6 nm. In a freeze-fracture EM 
study of Synechocystis 6803, the distance between the rows was 50 nm in the wild type, 23 
nm in a rod-less mutant and 16 nm in a PBS-less mutant (Olive et al. 1997). The large size of 
the phycobilisome implies that in the PSII arrays only one third of the PSII dimer can be 
attached to a phycobilisome. It is not known, however, if the PSII were functionally attached 
to phycobilisomes because they are not present anymore. If fully present on PSII, the rows of 
phycobilisomes may keep the PSII rows at a distance, as in the study of (Olive et al. 1997). It 
is not clear to what extend the PSII-phycobilisomes complexes will provide a sterical 
hindrance for PSI complexes. At their cytoplasmic sides the PsaC-E extrinsic subunits are 
protruding about 4-5 nm from the membrane surface (Jordan et al. 2001).  
The issue of the sterical hindrance is also raising the questions what the function of the 
PSII arrays might be and how the other membrane proteins are dispersed in the membrane. 
We present a model in Fig. 4 which shows the main membrane protein complexes on scale. In 
the model the ratio of PSI to PSII (compared as monomers) is 2 : 1; this is within the ratio of 
3 : 0 found for Synechocystis 6803 grown under PSII light and 1.5 : 1 found for PSI light 
(Aizawa et al. 1992) and also close to a situation for other species such as Synechococcus sp. 
PCC 7002 cells, where a ratio of 1.86 : 1 was measured (Zhao et al. 2001). The arrangement 
of PSII in our model, where the arrays keep PSI at a distance, could reflect an arrangement 
close to State 1, in which it is supposed that direct energy transfer from phycobilisomes to PSI 
is impaired or lowered. In the arrays the PSII complexes are arranged in such a way that along 
the long side of the arrays the edge is formed by the small, non-pigment containing subunits 
such as PsbD, -F, -K and -Z. This will imply that the possibility of excitation transfer via 
these sides towards a neighbouring PSI trimer or monomer will be very low or zero. This 
means that the PSII arrays could have the same function as in the green plants: to keep the 




excitation energy is much faster in PSI than in PSII, and a location of both antenna systems at 
short distances would lead to an uncontrolled flow of energy from PSII to PSI (Trissl and 
Wilhelm 1993). In this context it is also relevant to mention that in the experiments with 
Synechocystis 6803 on long term light adaptation (Aizawa et al. 1992), discussed above, it 
was found that PSI is the variable component in changes in the PSI to PSII stoichiometry. 
This could also implicate that the number and size of PSII arrays are rather fixed and that 
during long-term changes in the light regime only the randomly ordered PSI complexes 













Figure 4. A model for the organization of the photosynthetic membrane of the cyanobacterium 
Synechocystis PCC6803, densily packed with single and multi-subunit protein complexes 
(Mullineaux 1999). PSII arrays consisting of several PSII rows (green) are surrounded by 
small numbers of randomly distributed PSII monomers and dimers (green), larger numbers of 
PSI complexes (trimers and some monomers; in blue), dimeric cytochrome b6f complexes 
(purple), monomeric ATP synthase (red), NDH-1 complexes (ochre) and various other types 
of membrane proteins, such as cytochrome oxydase (grey). Small connecting masses 
(pink/green) between the PSII complexes are hypothesized to trigger and maintain dimer to 
dimer interactions. In the model the core PSI to PSII ratio is 2:1, which is within the ratio of 
3:0 found for Synechocystis 6803 grown under PSII light and 1.5 : 1 found for PSII light 
(Aizawa et al. 1992) and the monomer ratio of cytochrome b6f to PSII is 0.8 : 1, which is 
fairly constant under variable growth conditions (Fujita and Marakami 1997). The black 
rectangle, on top of a PSII dimer, indicates the size of a phycobilisome. 
 
The more rapid changes of membrane reorganization under state transitions remain to 
be solved. Three overall structural events seem or may take place at the same moments: (1) a 
rearrangement of the PSII rows or arrays into a more random organization; (2) a 





smaller changes in the PSII and/or phycobilisome structure yet to be discovered. It is possible 
that a small membrane component, hypothesized in our model to connect the dimers in the 
rows and arrays, could play a role in array formation. Because of sterical hindrance of the PSI 
extrinsic subunits it is not likely that the phycobilisomes have unlimited freedom to diffuse on 
the membrane surface, unless a kind of disconnection takes place. A refined spillover model 
of the cyanobacterial photosynthetic membrane was proposed (McConnell et al. 2002). It 
describes the redistribution of the Chl a excitation energy and the phycobilisome excitation 
energy. An important aspect of the model is the idea that the Chl a pools of CP43 and CP47 
inside PSII are separated. Changes in the distribution of Chl a- absorbed light are 
accomplished by a spillover mechanism characterized by excitation energy transfer from only 
one component of PSII (CP47) to PSI. Energy reaching the PSII reaction center from the 
phycobilisomes either directly or via CP43 would have a relatively low probability of visiting 
CP47 pigments. This energy would thus not be lost via spillover to PSI. In other words, the 
refined spillover model also implies that it matters how the PSI and PSII complexes are 
associated.  
In our model of Fig. 3 and 4 the positions of CP43 (blue) and CP47 (purple) in the 
PSII double dimer and arrays are highlighted. It shows that in the supramolecular structures 
they are in close proximity. On the other hand, CP43 is not exposed at the periphery and 
neighbouring PSI trimers cannot become in close connection, which means that there is no 
possibility for energy transfer from CP43 to PSI. This means that there is a large difference in 
the possibility of energy transfer between single dimers and PSI the PSII arrays and PSI. This 
indicates that the arrays might be relevant for preventing the spillover process. There is also a 
second explanation for the array formation possible, which is a lowering of direct energy 
transfer from phycobilisomes to PSI. Phycobilisomes attached to PSII dimers will be close to 
several other complexes (black circumference, Fig. 4), but within an array they will have a 
lower change to be close to PSI complexes. This second possibility is realistic as well because 
there are some lines of evidence to suggest that spillover is not particularly prevalent in 
cyanobacteria specifically grown under physiological conditions (Mullineaux 1999).  
In conclusion, we have shown in this paper that single particle averaging is able to 
detect the PSII superstructures without any purification step. Further work along these lines 
should focus on the cause of the array formation by membrane analysis of cyanobacteria 
lacking specific small PSII subunits. Second, it would be worth to see if the same arrays are 
present on other species, because cyanobacteria form a heterogeneous group of organisms 




longer time scale it should be very relevant to directly establish the structure of the PSII-
phycobilisome supercomplex. 
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in a photosystem I-IsiA supercomplex 
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Abstract 
Cyanobacteria are aquatic photoautotrophs and an important primary producer in 
many areas of the ocean. Their ability to generate molecular oxygen by oxygenic 
photosynthesis caused one of the biggest changes in the Earth’s atmosphere. Iron, which is 
essential for the aquatic ecosystems, is scarce in the ocean and often limits cyanobacterial 
growth. Cyanobacteria prevail over iron deficiency by expressing a number of genes 
including the “Iron stress induced”gene, IsiA, which encodes a 36 kDa membrane protein, 
IsiA, and causes various structural and functional alterations in the cell. Here, we report that 
nano-molar concentrations of iron leads to the formation of a giant supercomplex in the 
thermophilic cyanobacterium Thermosynechococcus elongatus, where a Photosystem I trimer 
is surrounded by double rings of 43 IsiA molecules. Electron microscopic projection maps at 
15 Å resolution shows that the supercomplex consists of a PSI trimer encircled by two 
complete rings of IsiA with 18 copies in the inner ring and 25 IsiA proteins in the outer ring. 
This supercomplex has a molecular weight of 3.2 MDa and is thereby the largest PSI 
membrane protein complex that has been isolated to date. In this supercomplex the 
chlorophyll-a/P700 ratio was 285±5, which corresponds to 855±15 chlorophyll-a/PSI-trimer. 
Most strikingly, we identified for the first time that the rate of electron transfer from 
Photosystem I to flavodoxin was increased by 900% in this supercomplex, compared to the 
rate of flavodoxin reduction of PSI trimer. These results imply that the formation of the PSI-
IsiA supercomplex does not only raises the PSI antenna size by a factor of 3, but also 
immensely increases the efficiency of electron transfer from PSI to flavodoxin and hence 








Cyanobacteria inhabit various aquatic environments ranging from hot springs and 
fresh water lakes to the oceans, whereas some species are even able to live up to 200 meters 
deep. Due to inorganic precipitation and biological uptake, the concentrations of iron in many 
of these aquatic environments and particularly in the open oceans are very low, in the range 
of 0.05-2.5 nM (Martin and Fitzwater 1988; Richard and Butler 1991). Some remote “High-
nutrient, low-chlorophyll” (HNLC) regions with surface water iron concentrations of 20-50 
pM have also been identified (Martin et al. 1994). These HNLC regions represent about 20% 
of world’s oceans and are generally characterized by the presence of high macronutrients but 
low phytoplankton growth and corresponding low levels of chlorophyll. It has been 
experimentally proven that iron deficiency is the limiting factor for this slow phytoplankton 
growth in the oceans (Martin and Fitzwater 1988; Coale et al. 1996; Boyd et al. 2000). 
Cyanobacteria, primarily present in the oceans are severely affected by iron deficiency 
whereas they account for approximately half of the carbon assimilation and oxygen 
production through oxygenic photosynthesis and contribute substantially in the global 
primary productivity (Martin and Fitzwater 1988; Richard and Butler 1991: Martin et al. 
1994; Behrenfeld et al. 1996).  
Oxygenic photosynthesis starts with a complex multi-step light driven electron 
transfer process in the thylakoid membrane, where the conversion of light energy from the 
sun into a transmembrane charge separation is catalyzed by two multi-subunit membrane 
protein complexes: photosystem I (PSI) and photosystem II (PSII). PSII uses the light energy 
to extract electrons from water, which is split into O2 and protons (Loll et al. 2005). 
Plastoquinone (PQ) is the final electron acceptor in PSII. Upon double reduction, it binds 2H+ 
at the citoplasmic side and transfers the electrons to another membrane bound protein 
complex, the cytochrome b6f complex. At the luminal side of the thylakoid membrane, the 
electrons are passed from Cytochrome b6f complex to PSI by a small soluble electron carrier 
plastocyanin. Cyanobacteria can also use Cytochrome c6 (Cyt. c6) as the electron carrier. PSI 
catalyzes the second step of the electron transfer chain by capturing the light energy by a large 
internal antenna system of 96 chla + 22 carotene molecules and funnels it to the core of the 
complex with more than 99.99% efficiency (Jordan et al. 2001). This excitation energy is 
used to pump electrons against the potential gradient from the inner (luminal) side of the 
thylakoid membrane to ferredoxin or flavodoxin at the cytoplasmic (stromal) side through a 




pair of phyloquinones and 3 Fe4-S4 iron sulfur clusters. Ferredoxin transfers electrons to FNR 
(Ferredoxin-NADP oxidoreductase) that reduces NADP+ to NADPH (nicotinamide adenine 
dinucleotide phosphate-oxidase), which is one of the primary energy products of the 
photosynthesis. The electron transfer reactions are coupled to the transfer of protons from the 
stromal to the luminal side of the membrane and pH +  drive the synthesis of ATP by the 
ATP synthase complex. The ATP and NADPH produced by the light reactions are used in the 
light-independent (“dark”) reactions for the synthesis of organic compounds from CO2. In the 
lack of NADP+ or additional requirement of ATP, cells switch to a different mechanism called 
cyclic-photophosphorylation. It does not involve PSII and produces neither NADPH nor O2. 
Electron transfer reactions in PSI drive a cyclic electron flow where the electrons are shuttled 
between PSI and Cyt. b6f complex. This cyclic electron flow around PSI produces an 
electrochemical H+ gradient across the membrane, which is used to power ATP synthesis 
(Fork and Herbert 1993; Bendall and Manasse 1995). 
Under nutrient replete growth conditions, with a sufficient amount of iron in the 
medium (~2M) (Rippka 1988), cyanobacterial PSI occurs predominantly as a trimer in vivo 
and the PSI to PSII ratio is generally very high (at least five). In oxygenated water and at 
natural pH the biosynthesis of the photosynthetic apparatus is heavily affected by limitations 
of free iron because PSI, PSII and Cytochrome b6f complex, all need iron for the essential 
electron transfer processes. This problem is most prominent for PSI because it contains 12 
iron atoms per monomer in three Fe4-S4 clusters (Jordan et al. 2001). Cyanobacteria respond 
to Fe deficiency by a very effective mechanism that involves the lowering of the PSI to PSII 
ratio (Guikema and Sherman 1983), and induction of the IsiAB operon which encodes a 
chlorophyll-a binding protein IsiA (CP43’) (Burnap et al. 1993; Park et al. 1999). IsiA is a 
light harvesting antenna protein that binds to PSI. IsiA shows homologies to the PSII core 
antenna protein CP43 and is also called CP43’. In 2001, two groups found simultaneously 
that 18 copies of IsiA protein can assemble into a ring like structure which surrounds PSI 
trimer in the thylakoids of short term iron deficient Synechococcus PCC 7942 (Boekema et 
al. 2001) and Synechocystis PCC 6803 cells (Bibby et al. 2001). Besides iron depletion, 
excessive light stress (Havaux et al. 2005), oxidative stress (Yousef et al. 2003), salt stress 
(Vinnemeyer et al. 1998) and heat-stress (Kojima et al. 2006) can also induce the expression 
of the isiA gene. Spectroscopic measurements have indicated that the chlorophylls and 
carotenoids of IsiA harvest light for the PSI in a very efficient way and established the view 
that IsiA works as an auxiliary antenna system for the PSI (Andrizhiyevskaya et al. 2002; 





IsiA monomers may function as dissipaters of excitation energy, thereby playing a 
photoprotective role (Sandström et al. 2001).  
Iron is involved in all general metabolic processes as cofactor of metalloenzymes and 
proteins. Prolonged severe iron depletion in the cyanobacterial growth medium leads to 
chlorosis due to down regulation of the PsaL/I subunits (Singh et al. 2003). Because subunit 
PsaL functions in the trimerization, its absence leads to monomerization of the PSI trimer 
(Kouil et al. 2005; Ivanov et al. 2006). Under these conditions isolation of PSI-IsiA complex 
from thylakoids in intact natural form, for in vitro studies is not possible, as the complexes 
are instable and dissociate upon detergent solubilization. However, most natural habitats of 
cyanobacteria are iron deficient, but they are not entirely iron depleted. Apparently, neither 
the high micromolar iron content of most of the growth media used for cultivation of 
photosynthetic organisms in the laboratory nor complete iron deficiency mimic the most 
abundant environmental state for fast growth and biomass production in the ocean, where 
iron concentrations are generally in the subnanomolar-nanomolar range (Fig. 1).  
The minimal Fe needs of open-ocean cyanobacteria usually are met via the fallout of 
Fe-rich atmospheric dust (Duce 1986). Recently, the surface water iron enhancement from 
0.6 nM to 4 nM has been measured after the Saharan dust deposition in the Atlantic Ocean 
(De Jong et al. 2007). In situ iron fertilization of the ocean also shows that 1-4 nM final 
concentrations of iron in the seawater of the HNLC areas facilitate the phytoplanktons bloom 
(Martin et al.1994; Coale et al. (1996); Boyd et al. 2000). Moreover, the influence of iron 
availability on the physiology of the costal cyanobacterium Synechococcus sp. PCC 7002 
shows a non-linear response between iron availability and cell proliferation (Charles and 
Steven 1995). Interestingly, in this study the growth rate in nanomalar iron conditions (1.38 
doubling day-1) was similar to the growth rate in sufficient iron conditions (1.4 doubling day-
1). All these observations indicate that cyanobacteria can efficiently adapt to grow in 
nanomolar iron environments. The discrepancy between iron availability and requirements 
raises questions about the mechanisms that cyanobacteria use to control iron homeostasis. To 
study this hypothesis, we grew the thermophilic cyanobacterium Thermosynechococcus 
elongatus photoautotrophically in a medium with 2.5 nM iron for a prolonged time period, in 
terms of total iron content these conditions represent most of the cyanobacterial habitats in 
the world’s ocean (Martin et al. 1988; Richard et al. 1991; Takata et al. 2004). Under these 
conditions, we were able to characterize a new PSI-IsiA supercomplex with complete double 
rings, consisting of 43 copies of IsiA. These particles are up till now the largest membrane-




fold increase of the electron transfer rates from PSI to flavodoxin, which is described for the 
first time and elucidates a remarkable feature of the IsiA protein. It further explains for the 













Figure 1. Correlation of oceanic intake of Fe by dust and photosynthetic productivity. This 
map pinpoints possible iron-limited regions of the world's oceans by seeing which 
phytoplankton-rich areas are also areas that received iron from wind-blown dust. Areas with 
high levels of chlorophyll from phytoplankton and high levels of dust deposition (high 
correlation coefficients) are indicated in red. Dust deposition was calculated by a 3-year 
modeled climatology for the years 1996-1998. The chlorophyll measurements are from 1998 
observations from the SeaWiFS (Sea-viewing Wide Field-of-view Sensor) instrument on the 
OrbView-2 satellite. See also: http://www.lcamediabase.com/exweb/blooms/index.html 
 
Materials and methods 
Cell growth and purification of the PSI-IsiA supercomplex 
For standard growth conditions, Thermosynechococcus elongatus were grown 
photoautotrophically at 56 ºC in a 130 liter photobioreactor in iron containing medium D 
(Rippka 1988), under fluorescent cold white light at an irradiance of 100-mol photon m−2 s−1 
with a mixture of saturated air and 2% (v/v) CO2. For growth under iron deficiency, 12 g of 
fresh-weight cells were washed three times with 18.2 m nanopure water and suspended in a 
160 liters acid-washed glass container, filled with iron omitted D medium at 56 ºC. The 
medium was vigorously agitated with air containing 5% (v/v) CO2
 





supply as well as homogeneity and equal temperature distribution. The culture was 
illuminated with tungsten halogen lamps, (25-mol photon m−2 s−1), and an additional 
illumination of 25-mol photon m−2 s−1 was given to a dense culture on the 10th day. A daily 
absorption spectrum was taken to monitor the health of the cells and the formation of PSI-
IsiA supercomplex. In the beginning, cells were grown without any additional iron 
supplement for 11 days, which leads to consumption of iron within the cells (ferretin) as well 
as in the surroundings (iron as impurity). On the 12th day 5 ml of 2.0 mM FeCl3 aqueous 
solution was added in the culture. At day 20, illumination was raised to total 70 mol photon 
m
−2
 s−1. Cells were harvested after 30 days. A previously described method was modified for 
the preparation of thylakoid membranes (Fromme and Witt 1998). Cells were washed and 
resuspended in 10 mM CaCl2, 10 mM MgCl2, 500 mM Mannitol and 20 mM MES buffer at 
pH 6.5, and passed twice through a chilled cell-microfluidizer at 12,000 psi. Unbroken cells 
were removed by centrifugation at 4,000Xg for 10 minutes at 4 ºC and thylakoid membranes 
were harvested from the supernatant. After adjusting the chlorophyll-a concentration to 1.0 
mM (Porra et al. 1989), membranes were solubilized with 1.5% (w/v) ultra-pure n-dodecyl--
D-maltoside (-DDM) (less than 0.01% alpha isomer, from Glycon) at 4 ºC for 12 hours and 
then centrifuged at 20,000Xg for 20 minutes to remove insoluble materials. Subsequently, the 
detergent extract was ultracentrifuged (Beckman Coulter) at 200,000Xg at 4 ºC for 1 hour. 
The upper dark green portion of the sediment was collected and the protein complexes were 
further purified by FPLC/HPLC anion exchange chromatography using Mono-Q column (GE 
Healthcare). A 25 mM – 300 mM MgSO4 buffer gradient was used for elution. The 
supercomplex elute in a peak at ~200 mM MgSO4 . They were concentrated by ultrafiltration 
using 100K cut-off ultrafiltration spin filters (Millipore). The samples were further purified by 
two size exclusion chromatography runs using a Superose-6 (Amersham biosciences) column. 
Purified PSI-IsiA supercomplex was again concentrated, and stored in a buffer solution 
containing 20 mM MES, pH 6.5, 10mM CaCl2, 100mM MgSO4,
 
0.4 M Mannitol and 0.03% 
(w/v)  -DDM at –80 °C. 
 
Electron microscopy and single-particle analysis  
Aliquots of purified protein were applied on carbon-coated glow-discharged grids and 
negatively stained with a 2% solution of uranyl acetate. EM was performed on a Philips 
CM120 electron microscope. Semiautomated data acquisition was used to record images at a 




Pleasanton, CA). The pixel size used was 3.75 Å at the specimen level (after binning the 
images). Single-particle analysis was performed with Groningen Image Processing software 
(GRIP). Projections were aligned and subjected to multivariate statistical analysis (MSA). 
After MSA, particles were classified, summed and class sums were used in a next cycle of 
multireference alignment, MSA and classification (Penczek et al. 1992; van Heel et al. 2000). 
Resolution was measured using Fourier-ring correlation and the 3 criterion (van Heel 1987). 
 
Dual-beam spectrophotometery  
Dissolved PSI crystals and PSI-IsiA supercomplex were assayed for Chl/P700 ratio by 
measuring P700 oxidation. The proteins were suspended in a buffer containing 20 mM MES, 
pH 6.4, 100 mM MgSO4 and 0.03 % -dodecylmaltoside. The sample (5 ml) was equally 
divided between two glass cuvettes (2.5 ml each). 10 l ascorbate (0.5 M) was added to one 
cuvette and 10 l potassium ferricyanide (0.1 M) was added to the other. The absorption 
difference spectrum (reduction-oxidation) was measured between 650-850 nm using a Cary 
spectrophotometer. The Chl: P700 ratios were calculated using an extinction coefficient of 64,0 
M-1 cm-1 for P700 (Porra et al. 1989). 
   
Laser-flash induced absorption spectroscopy 
Charge recombination kinetics from (FA/FB)- to P700+ were measured by monitoring 
the flash-induced absorbance change at 700 nm. The sample contained PSI-IsiA 
supercomplexes at a concentration of 45 μM chlorophyll in 50 mM MOPS pH 7.0, 0.04% n-
dodecyl- -maltoside, 10 mM MgCl2, 10 mM NaCl, 10 mM sodium ascorbate and 10 μM 
DCPIP. The sample was placed in a 1 cm x 1 cm (2.5 ml volume) quartz cuvette. As a 
control, the reoxidation kinetics of the PSI trimer (obtained from dissolved PSI crystals) was 
measured under identical conditions. Actinic illumination was provided by a Nd:YAG laser 
(Quanta-Ray DCR-11, Spectra-Physics, Mountain View, CA) operated in the second harmonic 
(532 nm) with a 7 ns duration and an energy of 2 mJ/cm2. The measuring beam was derived 
from a 400 W tungsten-halogen lamp (model 66057, Oriel Corp., Stratford, CT), which was 
passed sequentially through a 1/4 m monochromator (Model 82-410, Jarrel-Ash. Co., 
Waltham, MA) and a shutter (Uniblitz model T132, Vincent Associates, Rochester, NY). The 
beam was monitored using a reverse-biased Si photodiode (PIN10D, UDT Sensors, Inc., 
Hawthorne, CA), which was shielded from stray light with a narrow-band interference filter 
centered at 700 nm (Corion). The shutter was opened 3 ms before the onset of the laser flash. 





(Tektronix, Beaverton, OR), digitized with a DSA601 digital oscilloscope (Tektronix), and 
processed on a Power Macintosh computer (Model 9500, Apple, Cupertino, CA) that was 
interfaced with the digitizer via an IEEE-488 bus (PCI-GPIB, National Instruments, Austin, 
TX). The electronic bandwidth of the detection system was 1 MHz. Typically, 6-12 transients 
were averaged. Kinetic traces were analyzed by fitting the multiexponential decay using the 
Marquardt least-squares algorithm program in Igor-Pro (Wavemetrics, Lake Oswego, OR).  
 
Steady state kinetics mesurements  
The ability of PSI-IsiA supercomplex to reduce flavodoxin was investigated using steady state 
kinetics. The rate of flavodoxin photoreduction was measured in a 2.5 ml volume (1 cm 
quartz cuvette) using the same sample composition as for the laser-flash induced absorption 
studies except for the addition of 5 μM cytochrome c6 from Synechocystis sp. PCC 6803, 50 
mM MgCl2 and 30 μM flavodoxin. The reduction of flavodoxin was measured by the change 
in the absorption at 580 nm. Steady state rates were determined using a Cary 50 (Varian 
Associates) spectrophotometer fitted with appropriate narrow band and interference filters 
attached to the surface of the photodiode. The quartz cuvette was illuminated on one side 
using white light from a 100-watt lamp. 
 
Immunoblot analysis  
Aliquots of total protein extract (as mentioned) were separated in SDS-PAGE (Bio-Rad). 
Proteins were electrophoretically transferred onto PVDF membranes (0.2 m pore size) and 
immunodecorated with primary antibodies raised against PsaC (Agrisera, product number 
AS04 042). Binding of the antibodies was monitered with a secondary antibody (goat anti-
rabbit horse radish peroxidase conjugated, from Agrisera) and immunolabeled bands were 
visualized by ECL reagent (GE healthcare). Images of the blots were obtained using a CCD 
imager. 
Results 
Isolation and biochemical characterization of the supercomplex 
Thermosynechococcus elongatus was grown photo-autotrophically under iron deficient 
conditions for 11 days to deplete the intracellular Fe storage of the cells in form of ferritin. On 
the 12th day 2.5 nM iron was added to the growth medium. We observed by electron 
microscopy that in the beginning of the iron-deficiency a large number of PSI with single 




become surrounded by a second ring of IsiA. The number of double ring complexes was 
increased with the duration of the culture. It should be noticed that we did not see any reverse 
reaction of IsiA disappearance after adding nM iron to the growth medium; the culture 
remained dark green without any sign of chlorosis during the complete growth cycle. This 
proves that these borderline iron conditions were tolerated very well and fast cell growth 
under these conditions indicates that the cells do not suffer from decrease of any physiological 
activity. After 30 days cells were harvested and PSI-IsiA supercomplex was purified from the 
thylakoids by ion exchange chromatography and two subsequent size exclusion 
chromatography steps (not shown).  
 Previously, we had studied the response of cyanobacteria to prolonged complete iron 
depletion and found that cells undergo chlorosis and most of supercomplexes lack the stromal 
PSI subunits (PsaC, PsaD and PsaE), (Devendra and Fromme unpublished). To test the 
hypothesis weather this decrease in stromal subunit content might be an obligate feature of 
PSI-IsiA supercomplex formation or indicates the decrease of Photosystem I, induced by 
severe iron deficiency, we analyzed the protein composition of the complex grown in nano-
molar iron conditions by SDS gel electrophoresis. The results show that the complex grown 
under nM iron concentrations does contain PsaC, PsaD and PsaE, however quantification 
from silver stained SDS-gel is difficult. We have therefore analyzed the PsaC content of the 
PSI-IsiA supercomplex, PSI and cells grown under normal conditions and nM iron 
concentrations by an immuno-blot using antibodies against PsaC (Fig. 2).  
 
 
Figure 2. PsaC content of the different samples as determined by a western-blottting with an 
antibody against PsaC (Agrisera). Equal amounts of P700 were loaded in lines 1 and 2 and 
equal amounts of protein in lanes 3 and 4. 1- PSI-trimer; 2- PSI-IsiA supercomplex with 
double rings; 3- T. elongatus whole cell extracts (Iron replete conditions); 4- T. elongatus 
Whole cell extracts (nM iron); 5- PsaC standard 0.225 pmol (cat#AS04 042S); 6- PsaC 
standard 0.45 pmol; 7- PsaC standard 0.9 pmol. 
 
The results show that the PsaC content is within the error margins similar in the PSI 
and the PSI-IsiA supercomplex. This shows that cells grown in nM Fe have assembled a large 





were able to show that the reduction of the PsaC content is not directly correlated to the 
formation of the PSI-IsiA supercomplex, and is only induced under severe iron depletion. To 
ensure that the PsaC subunit still contains the terminal Fe-S clusters FA and FB, we have 
analyzed the iron content of the PSI-IsiA sample and PSI in form of dissolved crystals by 
Inductively Coupled Plasma (ICP) measurement (a spectrometry technique for elemental 
analysis). For the intact complex, we would expect 12 Fe/P700 as PSI contains 3 Fe4-S4 
clusters. The Fe content of PSI was determined as 13.8 ± 2 Fe/P700 and the iron content of the 
PSI-IsiA was determined to be 12.1 ± 2 Fe/P700 (data not shown), which corresponds to the 
intact supercomplex.  
The reduction-oxidation spectra of P700 in this supercomplex was analyzed for the 
determination of the ratio of Chl to P700 in a dual beam spectrophotometer, for comparison, 
the spectra of dissolved crystals of trimeric PS I were also analyzed in parallel using the same 
setup. The Chl/P700 content of the PSI trimer was determined to be 95 ± 1 Chl/P700, which is in 
agreement with the crystal structure of the complex that unraveled 96 Chl/P700 (Jordan et al. 
2001). In PSI-IsiA supercomplex the Chl/P700 ratio was increased by a factor of 3 to 285 ± 5. 
If we assume that one IsiA protein contains 13 chlorophyll molecules as its counterpart CP43 
in PSII (Loll et al. 2005), this would lead to a Chl content of 559 Chl for the IsiA double ring 
with 43 IsiA proteins/PSI-trimer, plus 3 x 96 Chl for the PSI core which adds up to 847 
Chl/PSI trimer. This corresponds to 282 Chl/P700, which is in agreement with the 
determination of Chl/P700 in the PSI-IsiA43 supercomplex. The molecular weight of this 
supercomplex is ~3.2 kDa. Interestingly, in this supercomplex, the size of this auxiliary 
antenna system is significantly larger than the PSI trimer itself. We also found that these 
particles are stable at room temperature and sustain at high medium salt concentration (100 
mM MgSO4) in the buffers, which are essential for stability and solubility of the detergent-
solubilized complexes.  
  
Structure of PSI-IsiA supercomplex. Single-particle analysis 
Purified PSI-IsiA supercomplexes were analyzed with transmission electron 
microscopy. Under conditions where the supercomplexes were isolated from cells grown at 
nM iron concentration, large circular particles with a diameter of 40.5 nm were abundant.  
A large data set of single particle projections was selected from the images and 
subjected to alignment procedures and statistical analysis. A map with intact circular particles 
at 15 Å resolution shows trimeric PSI surrounded by a double ring of IsiA. In these particles, 








Figure 3. Structural comparison between PSI-IsiA supercomplex with complete double rings 
(PSI-IsiA43) and the PSI-trimer. The resolution of the structures is 15 Å resolution. Both 
complexes are shown in a top view from the stromal side. (A) Single particle electron 
microscopy image of complete PSI-IsiA double ring particles from TS. elongatus, grown 
under nano-molar iron. The PSI-trimer in the middle is surrounded by 43 IsiA molecules, 18 
IsiA form the inner ring, while the outer ring is formed by 25 IsiA molecules. (B) Projection 
map of the PSI structure at 15 Å resolution, derived from the X-ray structure of PSI at 2.5 Å 
resolution; the resolution was lowered to 15 Å to allow the direct comparison with the EM 
map of the PSI-IsiA43 supercomplex. The white arrow points to the largest difference between 
the maps. Scale bar is 100 Å. 
 
We were also able to identify assembly intermediates of the supercomplex, which contained 
either 16 or 19 copies of IsiA in the outer rings. (Fig. 4B, C). Empty IsiA rings without any 
central mass were absent. The configuration of the outer ring in the complete and incomplete 
supercomplex is different. This becomes clear after imposing a 3-fold rotational symmetry. If 
applied to the complete outer ring, densities become faded out because 25 is not a multiple of 
3 (Fig. 4D), whereas they become stronger in the fragments (Fig. 4E, F). This indicates that 
the fragments have the IsiA copies at positions which, if extrapolated, would give a ring of 24 
copies. Instead the full ring has a very astonishing symmetry mismatch with the perfect 3-fold 
symmetry of the inner core. We also overlayed the positions of IsiA in the complete and 
incomplete outer ring (red and blue bars, Fig 4.). From this overlay it is immediately obvious 
that the spacing between the IsiA molecules in the outer ring is slightly smaller in the intact 
ring compared to the assembly intermediates. This result may indicate that the IsiA protein 
must have some intrinsic flexibility which allows the molecules to slightly reduce the space 











Figure 4. Positions of IsiA copies in the outer ring of the PSI-IsiA supercomplex. (A) complete 
supercomplex; (B,C) incomplete supercomplex. (D-F) A 3-fold symmetry was imposed on the 
images of A, B and C. Positions of the IsiA copies in the outer ring in the complete particle 
(red bars) and in the largest fragment (blue bars) have been indicated. These spacing 
markers from the fully assembled ring are superimposed onto the assembly intermediates in 
the center picture. The overlay shows that the spacing between the IsiA complexes is slightly 
larger in the partial assembled complexes. 
 
In EM images, the size and the "resolution" of IsiA complexes differ significantly 
between the outer and inner ring. The IsiA monomers in the inner ring show much more 
structural details than any of the IsiA proteins in the single ring PSI-IsiA complexes that have 
been described before, while the proteins in the outer ring show less structural details and also 
appear to be larger in size than the IsiA monomers in the inner ring, being comparable in the 
size and resolution to the reported electron micrographs of the single-ring IsiA complexes 
(Boekema et al. 2001; Bibby et al. 2001). The calculated area which is occupied by each IsiA 
monomer in outer ring is ~8 nm2 larger than the inner ring. The major reason for the size 
difference may be the presence of the detergent shell around the outer rings. However, the 
strongly increased resolution of the IsiA molecules in the inner ring may indicate that the 
assembly of the second ring leads to a slightly tighter packing and higher order of the IsiA 
complexes in the first ring, which interact on both the peripheries and are compactly packed, 
whereas the IsiA molecules in the second ring show a higher degree of flexibility due to their 






Characterization of the electron transport chain by laser-flash induced absorption 
spectroscopy 
 The electron transport chain in the complex was characterized by laser flash induced 
absorption spectroscopy at 700 nm. The results (Fig. 5A, B) show homogenous re-reduction 
kinetics with more than 80% of the back reaction occurring with kinetics of 82 ms indicative 
of a recombination of the electron from the terminal Fe4-S4 clusters to P700. No significant s 
kinetics, which would be indicative of a loss of the terminal Fe4-S4 clusters are observed in 
the sample, which suggests that the PSI-IsiA complex with double rings contains an intact 
acceptor site with FA and FB clusters present.  
 
Steady-state flavodoxin reduction assay  
The second protein that is strongly induced with IsiA under iron deficiency is flavodoxin 
(Burnap et al. 1993). It replaces the iron-containing protein ferredoxin under iron deficiency. 
Despite their similar functional role, size, structure and cofactor content, the structures of both 
proteins are completely different. Ferredoxin is a small Fe2-S2 protein (~100 amino acids, ~11 
kDa); the two iron atoms are tetrahedrally coordinated both by inorganic sulfur atoms and by 
conserved cysteine residues from peptide backbone (Hatanaka et al. 1997). In contrast, 
flavodoxin is a comparatively larger flavin mononucleotide (FMN) binding protein (~170 
amino acids, ~18-20 kDa) characterized by an open twisted structure consisting of five 
standard parallel -sheets, surrounded by -helices (Rao et al. 1993). On the stromal side, 
both flavodoxin and ferredoxin can serve as a soluble, redox electron carrier and transport 
electrons between PSI and FNR. Flavodoxin replaces Fferredoxin under iron deficiency. We 
measured the kinetics of flavodoxin reduction in the PSI and PSI-IsiA supercomplex thereby 
analyzing the combined effect of both proteins that are induced under iron deficiency (IsiA, 
B) on the PSI efficiency. To our surprise the rate of flavodoxin reduction in PSI-IsiA 







A                   B 
Figure 5. P700+ recombination kinetics of PSI-trimers and the PSI-IsiA supercomplex at 
700nm. The kinetics was determined as described in materials and methods.  (A) P700+ 
reoxidation kinetics of PSI-trimers (T. elongatus wild type). Dissolved PSI crystals were used 
for this experiment. (B) P700+ reoxidation kinetics of PSI-IsiA supercomplexes isolated from 
cells that have been grown at 2.5 nano molar iron. The kinetics is very similar in both 
samples. The reoxidation of P700 is dominated by ms kinetics that are indicative of (FA/FB )- 
back-reactions, with kinetic constants of 46ms for PSI (74.2%) and 82ms for the PSI-IsiA 
supercomplexes (84.4 %).  
 
Discussion 
Surface waters of most of the oceans in the world are iron deficient. The iron levels in 
coastal areas, where most of the photosynthetic biomass is produced, are in the nanomolar 
range (Takata et al. 2004) and thereby higher than in the open ocean, but still limiting for 
photosynthetic growth. Cyanobacteria have adapted to grow efficiently in these low iron 
environments by minimizing their iron requirements. Besides for the photosynthetic 
machinery, iron is also essential for several other enzymatic and respiratory activities in the 
cell. Therefore, a minimal amount of iron in the medium is necessary to balance out supply all 
the basic physiological functions. Although, cyanobacteria have a very sophisticated 
mechanism for short-term iron deficiency, this mechanism fails in dealing with against 
prolonged complete iron depletion.  
Omitting iron from the cyanobacterial growth medium triggers several new proteins in 
the photosynthetic machinery (Burnap et al. 1993). In the beginning of iron depletion, the 
cells consume cellular iron stored in ferritins (Keren et al. 2004) (iron storage proteins) and 
from the surroundings (iron in chemical matrix of the medium, as impurity) and grow for a 
couple of weeks until they have used up all internal storage and external iron. Once all the 
iron in the environment and and inside the cells is consumed, the cells undergo growth 




Under these circumstances, studies of the effect of prolonged iron deficient conditions on the 
photosynthetic apparatus of the cell are difficult because the iron-below-the threshold limit 
causes severe chlorosis, and further cellular changes, which makes difficult to discriminate 
between protective mechanisms and pre-stages of senescence and cellular death. 
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Figure 6. Steady state flavodoxin reduction kinetics of (A) PSI-trimers and (B)PSI-IsiA43 
supercomplexes (C) Comparison of the efficiency of the PSI and the supercomplex in terms of 
flavodoxin reduction. 
 
In this study we planned to focus on cellular growth in a subnanomolar to nanomolar 
iron environments. We found that ~0.5-2.5 nM concentrations of iron in the growth medium 
of T. elongatus, which mimics most of the iron-limited conditions in aquatic environments, 
does not only stabilize the PSI-trimer but also facilitates the formation of large amount of 
PSI-IsiA supercomplexes with complete double IsiA rings.  
Structure of the supercomplex 
In electron microscopy (EM), we identified for the first time PSI-IsiA particles with complete 
double rings by electron microscopy and single particle analysis. By single particle analysis a 
15 Å resolution was obtained. The structure is one of the highest resolution structures for a 
PSI-IsiA antenna supercomplex and allows us to draw conclusion about the internal 
organization at the subunit level. Even after overnight solubilization of the thylakoid 





contains 43 IsiA monomers/PSI-trimer with 18 copies in inner and 25 in outer ring. This 
stability is a unique feature of this novel giant supercomplex and mainly depends upon two 
types of protein-protein interactions. i.e. 1. interactions between IsiA monomers 2. PSI-IsiA 
interactions. The electron density clearly shows the presence of all stromal subunits including 
PsaC, which is a further confirmation of our western-blot results.  
The new results, which show the presence of the intact acceptor side of PSI, including 
PsaC and the terminal Fe-S clusters under nM iron conditions demonstrates that this decrease 
in PsaC content is not related to IsiA induction, but it may be a part of PSI degradation in 
severe iron deficiency and related to recycling of iron. However, functional analysis of such 
particles might be interesting to see if there is any alternation in the electron transfer 
mechanism. 
In previous long-term iron deficient studies, hollow IsiA double rings structures of up 
to 35 subunits (14+21) were observed, lacking monomeric or trimeric PSI (Yeremenko et al. 
2004). Larger regular IsiA structures were not observed. As our novel PSI-IsiA supercomplex 
has 43 IsiA molecules it shows that interactions with PSI are important for getting even larger 
ordered structures. To our knowledge, this supercomplex is the maximal auxiliary antenna 
complex for the PSI trimer, since we could not find any PSI trimer particle in the thylakoid 
extract larger than this complex, e.g., no incomplete or complete triple rings have been 
identified.  
From this EM analysis and previous studies, we can also make some general 
conclusions about the interactions of the PSI and IsiA. In a previous study monomeric PSI 
was investigated with a mutant of the PsaL gene. (In the absence of the PsaL subunit, PSI 
trimers cannot be formed anymore.) However, if mutant cells without this subunit are grown 
in iron deficient conditions, most of the IsiA accumulates in incomplete rings at the PsaF/J 
side of the complex (Kouil et al. 2005b). The role of PsaF and PsaJ in the binding of IsiA to 
the PSI core trimer was investigated in a PsaF/PsaJ double mutant of Synechocystis PCC 6803 
(Kouil et al. 2003). The data show that PSI-IsiA supercomplexes can still be formed, but the 
PSI-IsiAcomplex is very unstable. The IsiA ring consists of 17 units in this mutant, instead of 
18 in PSI-IsiA complexes from wild-type cells. This indicates that PsaF and PsaJ are not 
absolutely required for the assembly of IsiA to PSI, but may be important for the stabilization 
and structural integrity of the complex. The results also showed that the size of the ring 
around the photosystem is strongly determined by the circumference of the PSI trimer, in 




The identification of assembly intermediates of the complex, that contain 16 and 19 
subunits in an incomplete outer ring, indicate that the symmetry mismatch between the inner 
ring, that consists of 18 subunits and the outer ring that consists of 25 subunits is already not 
yet established in the assembly phase of the complex formation. The detailed analysis of the 
position of the outer ring IsiA subunits in the three different assembly intermediates indicate, 
that the IsiA complexes are more densely packed in the complete double ring than in the 
assembly intermediates. This may suggest that the IsiA protein must contain an intrinsic 
flexibility of the structural elements that allows it to show a more loosely or tightly packing. 
In this respect it is also very intriguing to see the increase in the structural order and 
resolution of the IsiA proteins of the inner ring upon binding of the outer IsiA ring. It shows 
that despite of its conserved interactions with PSI, IsiA has tremendous ability to adjust its 
interactions according to requirements. This flexible nature is another remarkable feature of 
the PSI-IsiA supercomplex. 
A comparison of EM images of the PSI-IsiA43 supercomplex with the structure of the 
PSI trimer at 15 Å resolution, derived from the 2.5 Å resolution X-ray structure (Fig. 3) 
showed the same major structural features for the PSI trimer. One difference is, however, at 
the periphery. It can be seen that the interface between the monomers is more open in the X-
ray map (white arrow, Fig. 3) whereas the electron microscopy map of the new PSI-IsiA43 
supercomplex shows more density, in particular at the position of the PsaK subunit. The PsaK 
subunit is only loosely bound to the PSI-trimer (see Fig.2, chapter 1 for the structure), which 
led to the fact that it was partially disordered in the X-ray structure at 2.5 Å resolution (Jordan 
et al. 2001). No structural details of side chains were visible and the protein was only modeled 
by a C-alpha backbone trace (Jordan et al. 2001). The extra density in the electron 
microscopic images of the new PSI-IsiA43 supercomplex may indicate that the flexibility of 
PsaK may be an important feature of PSI. PsaK may play a role in the interaction with the 
IsiA protein and gets tightly packed in a slightly altered position upon assembly of the PSI-
IsiA43 supercomplex. 
Previous EM studies showed that terminal electron acceptor flavodoxin docks to PSI 
(Mühlenhoff et al. 1996) close to the stromal subunits PsaC and PsaD at a stromal hump that 
is located on top of PsaA. A previous electron microscopy analysis showed that flavodoxin 
extends the outer boundary of the PSI trimer (Mühlenhoff et al. 1996). A comparison of these 
images with our EM pictures of the PSI-IsiA43 supercomplex, indicates that flavodoxin docks 










factor of 9. It is also possible that the core subunits of PSI that are involved in docking of 
flavodoxin might undergo slight conformational changes that allow a more efficient docking 
and electron transfer from the terminal FeS cluster in PSI to flavodoxin. 
The induction of the IsiA and flavodoxin is not only limited to iron reduction. The co-
induction of flavodoxin in oxidative stresses with IsiA, even in iron replete conditions, shows 
that both proteins are synergistic in their functionality and may represent a universal cellular 
mechanism that allows the cells to adapt to oxidative stress (see below). Only the induction of 
both proteins allows the simultaneous optimization of the antenna size and electron transfer 
chain in PSI.  
Functional analysis of the supercomplex 
The Chl/P700 ratio in this complex was found to be 285 ± 5, which is approximately 3 times 
higher than the PSI. The binding of IsiA increased the light absorption cross-section area of 
PSI trimer by 300%. A relationship between iron deficiency and formation of a 3 times bigger 
light harvesting antenna system is very interesting. How are these facts related to each other? 
Synthesis of peripheral antenna phycobilisomes is iron consuming, therefore iron deficiency 
leads to their degradation (Singh and Sherman 2000) and PSI acquires light from a new 
auxiliary chlorophyll antenna system. Moreover, IsiA is expressed under different stress 
conditions (Havaux et al. 2005; Yousef et al. 2003; Vinnemeier et al. 1998; Kojima et al. 
2006). So IsiA may have more functions than just being a substitute for the water-soluble 
phycobilisome antenna, which rapidly degrades under iron limitation. If we analyze all the 
conditions in which IsiA is expressed, we find that they share a common trait: oxidative 
stress. In the thylakoid membrane, excess light energy or any limitation in the electron 
transfer chain, can over-reduce the PQ pool, which leads to a back log of the excitation energy 
in the light-harvesting antenna. Consequently, reactive oxygen species are generated which 
can cause oxidative damage and photoinhibition. It has been recently shown, that iron 
deficiency also causes oxidative stress (Latifi et al. 2005); we postulate here that induction of 
IsiA is related to the alterations in the electron transfer chain. Therefore, all stress conditions 
that affect the smooth transfer of electrons from water to NADP+ through photosystem II, 
cytochrome b6f,  plastocyanin + cytochrome c6, PSI and FNR, also originate oxidative stress, 
thereby inducing the expression of IsiA. Alternation in the electron transfer chain, induction 
of IsiA in a cytochrome c6-deficient mutant (Ardelean et al. 2002), induction of IsiA in a PSI-
PsaFJ-null mutant (Jeanjean et al. 2003), respectively, are further supporting this idea. These 




of de-repression (induction) of the isiAB operon. We want to introduce the hypothesis that 
redox state of the PQ pool, over-reduction of the electron receptor sites in PSI/PSII or 
elevated lumenal acidity may control the induction of IsiA. In the case of iron deficiency, 
reduction of PQ pool due to reduction of the number of PSI complexes in the cell might be the 
primary reason to trigger the induction of IsiA. 
The kinetic study presented here show that the efficiency of the electron transport 
between PSI and flavodoxin is increased by nearly one order of magnitude in the PSI-IsiA43 
supercomplex. Thereby we were able to show that the primary function of IsiA is to optimize 
the efficiency of PSI, by a 3 fold- increase of the antenna size and the remarkable 9!-fold 
increase of the rate of electron transfer from PSI to flavodoxin. The higher flavodoxin 
reduction rate in this supercomplex is a new and remarkable feature of the PSI-IsiA 
supercomplex. We suggest that this increase in PSI efficiency allows the cells to balance the 
excitation energy and electron transfer reactions between the two photosystems. As iron 
deficiency heavily induces the IsiA but also limits the number of PSI trimers, it seems that 
under a well-balanced mechanism, cyanobacteria restrict the iron consumption by 
synthesizing more efficient PSI-IsiA supercomplexes. PSI can promote the generation of the 
high energy molecules (NADPH, ATP) by two ways i.e., it is involved in non-cyclic (linear) 
and cyclic electron transfer. As during IsiA formation, a decrease in linear electron flow and 
increase in cyclic flow around PSI has been reported (Michel and Pistorius 2004), we can 
interpret that raise in PSI efficiency having the following benefits: 1. The system needs fewer 
PSI complexes and can minimize its iron requirements; 2. Re-direction of iron and maybe 
also chlorophyll; 3. Improvement of redox balance, due to cyclic electron flow. Consequently, 
the cells experience less oxidative stress. Here, PSI is tuning the overall physiology of the cell 
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The hyperthermophilic archaeon Sulfolobus solfataricus exhibits a complex transcriptional 
response to UV-irradiation involving 55 genes (Fröls et al. 2007). Among the most strongly 
UV-induced genes a putative pili biogenesis operon has been observed. Here we provide the 
first detailed description of pili in the domain Archaea encoded by an operon of six genes, 
including a potential secretion ATPase, two prepilins, a putative transmembrane protein and a 
protein of unknown function. The pili formation was inducible by UV-light (254 nm). 
Electron microscopy and image reconstruction showed that the pili were straight, variable in 
length; they were not bundled or polarised and were composed of three evenly spaced helices 
with 100 Å in diameter, thereby clearly being distinguishable from the archaeal flagella. Both 
prepilin proteins possess a class III signal sequence and the cleavage of the SSO0118 prepilin 
by an archaeal typeIV prepilin peptidase was demonstrated in vitro. A deletion mutant, 
replacing the central typeII/IV secretion ATPase (SSO0120), verified that the pili were 
encoded by the UV-dependently induced operon (sso0117 through sso0121) named ups-
operon (UV-inducible pili operon of Sulfolobus) and that they mediated the cellular 
aggregation. We showed further that the cellular aggregation was a UV-dose dependent, 
dynamic process, not inducible by other stressors like temperature or pH, but stimulated by 
chemically induced double strand breaks in DNA.  
We also showed that UV-irradiation strongly increases the conjugative activity of S. 
solfataricus. In the context of further transcriptional data we conclude that pili-mediated 
cellular aggregation probably mediates enhanced conjugation, which eventually leads to an 
enhanced repair of UV-damaged DNA in S. solfataricus via homologous recombination.  
 
 







The ability of Bacteria and Archaea to form multicellular structures is observed in a 
variety of biological systems. This fascinating phenomenon of a collective behaviour can be 
manifested in the formation of biofilms from mixed microbial mats, cellular aggregates or 
microcolonies. Multicellular structures represent an essential strategy for adaptation to 
changing environmental conditions or even survival (Shapiro et al. 1998, Battin et al.2007, 
Davey et.al.2000). Cells organised in biofilm-like structures show a higher resistance to toxic 
compounds, as for example antimicrobials (Patel et al. 2005) or to physical stress, like shifts 
in temperature or pH, or exposure to UV-light (Elasri et al. 1999, Ojanen- et al. 1997; Roine 
et al. 1998; Martinez et al. 2007). In addition, microorganisms benefit from the attachment on 
substrates like e.g. suspended particles, which provides a higher nutrient availability (Davey 
et al. 2000). Also genetic transfer, i.e. DNA exchange via conjugation plays an important role 
in biofilms to disseminate niche genes of metabolic pathways (Gasson et al.1980, Molin et al. 
2003). The rate of conjugative DNA exchange in biofilm structures is enhanced and 
conjugative pili stabilise the biofilm structure (Ghigo et al. 2001; Reisner et al. 2006; Gasson 
et al. 1980; Molin et al. 2003). 
 Cellular aggregation is mainly reported for organisms of the domain Bacteria, while 
comparably few but quite diverse examples have been found in the domain of the Archaea. A 
complex biofilm-structure of a marine hydrothermal vent system was formed by 
methanogenic Archaea of the order Methanococcales and by Thermococcales and 
Archaeaoglobales (Schrenk et al. 2003). Species of the order Desulfosarcina and 
Desulfococcus generate synergistic communities with sulphate-reducing bacteria in 
microcolonies (Boetius et al. 2000). An unusual microbial community organised in string-of-
pearls was found in cold sulphurous water. SM1 that grows in close association with the 
bacterium Thiotrix sp. and forms complex and unusual cellular appendages (hami) (Moissl et 
al. 2003, Moissl et al. 2005). Single strain cultures of the hyperthermophilic euryarchaeote 
Archaeoglobus fulgidusform a protein-, metal- and polysaccharide- containing heterogeneous 
biofilm, which is inducible by environmental stressors like UV-light (LaPaliga et al. 1997) it 
is written Lapaliga in the reference list. Pyrococcus furiosus can form surface attached 
microcolony structures mediated by multifunctional flagella, which can also form cable-like 
structures to mediate cell-cell contacts (Näther et al. 2006). 
Beside adherent multicellular structures that are found attached to diverse surfaces, 




forms aggregates during exponential growth (Mayerhofer et.al. 1991) and halophilic archaea 
do so in the presence of divalent cations by (Kawakami et al. 2007, Kawakami et al. 2005). 
For the halophilic euryarchaeote Halobacterium volcanii and the hyperthermophilic 
crenarchaeote Sulfolobus ssp. cellular aggregation was observed in the context with 
conjugative DNA transfer (Rosenshine et al. 1989, Schleper et al. 1995, Prangishvili et al. 
1998). 
Characteristic for all types of cellular aggregation is the attachment between single 
cells, mostly mediated or stabilised by exopolysaccharides (EPS) and/or proteins (Davey et al. 
2000; Kawakami et al. 2007; Klemm et al. 2004). Some microorganisms like Xanthomonas 
and Pseudomonas, use type IV pili to initiate or mediate the cellular aggregation 
(Bhattacharjee et al. 2001, Ojanen-Reuhs et.al. 1996). A mutant defective in the typeIV pilus 
biogenesis of Pseudomonas aeruginosa was unable to attach on surfaces and form 
microcolonies (O´Toole et al. 2000, 1998). Type IV pili are also required for the twitching 
mobility mechanism (Mattik et al 2002), like the light regulated mobility of Synechocystis 
PCC6803 (Bhaya et al. 2001), or the coordinated cell movement in fruitbody development of 
Myxococcus xanthus (Wall et al. 1999). Type IV pili mediate in addition the DNA uptake in 
natural transformation systems of mesophilic and thermophilic bacteria (Averhoff et al. 2003, 
2004, Graupner et al. 2001, Friedrich et al. 2003). In addition Moreover, they act as receptors 
for bacteriophages found in Pseudomonas (Roine et al. 1998). 
The type IV pili biogenesis pathways and the the type II protein secretion systems are 
very closely related, as has been demonstrated with the E. coli type IV pilus biogenesis 
secretory machinery that was able to assemble PulG, of Klebsiella oxytoca into pilus-like 
structures (Sauvonnet et al. 2000, Köhler et al. 2004).  
The bacterial type IV pili machinery is also closely related to the archaeal flagella 
systems, as was shown by bioinformatical, biochemical and structural analyses (Peabody et 
al. 2003, Bardy et al. 2002, Cohne-Krausz et al. 2002, Cohen-Krausz et al. 2008, Faguy et al. 
1994). The core components of the bacterial and archaeal systems are (I) a type II/IV 
secretion system ATPase, (II) a multispanning transmembrane protein and (III) the structure 
giving prepilins with a characteristic N-terminal signal sequence termed class III signal 
peptides (Peabody et al. 2003). In addition, it has been shown that the flagella of 
Halobacterium salinarium and Sulfolobus shibatae are in symmetry and structure more 
closely related to the bacterial type IV pili than to bacterial flagella. The archaeal flagellum is 





2002, Cohen-Krausz et al. 2008). All archaeal flagellins exhibit class III signal peptides and 
are related to bacterial pilins (Bardy et al. 2004, Faguy et al.1994, Jarrell et al. 1996).  
In the genome of the crenarchaeote Sulolobus solfataricus three putative type IV pili 
loci, containing a typeII/IV secretion ATPase, a predicted integral membrane protein and at 
least one ORFs containing a class III signal peptide were identified (Albers et al. 2005 The 
operon SSO2316, named after the central ATPase, codes for the flagellum of S. solfataricus. 
A pilus-like bundled structure of 14 nm in diameter is responsible for mobility on surfaces 
(Szabo et al.2007). The operon SSO2680 encodes a recently described bindosome assembly 
system (Bas) that is needed for the functional surface localisation of sugar binding proteins 
(Zolghadr et al. 2007). The biological function of the third operon SSO0120, spanning ORFs 
SSO0117 through SSO0121 is s unclear.  
Using whole genome microarray studies to analyze the UV-response of S. solfataricus 
under UV-light of 75 J/m2 at 254 nm we observed that the genes sso0117 to sso0121 were 
among the most highly induced genes (Fröls et al. 2007). A strong up-regulation of the operon 
was also observed by an independent study of M. White and co-workers using a higher UV-
dose of 200 J/m2, with S. solfataricus and S. acidocaldarius (Götz et al. 2008). In the same 
time span as the transcriptional response we observed a massive aggregation of the cells, 
which disappeared after the cellular regeneration (Fröls 2007).  
In this study we demonstrate that extracellular pili-like structures are formed upon 
UV-light treatment and by using targeted deletion mutants we demonstrate that they are 
encoded by the UV-inducible pili operon SSO0120. Furthermore, we show that these pili-like 
structures are essential for the UV-dependent auto-aggregation of S. solfataricus cells and that 
this phenomenon is driven by double strand breaks in the DNA, but not by many other stress 
factors. In addition, UV-dependent increased conjugation events further suggest, that pili 
formation and aggregate formation in Sulfolobus mediate a repair mechanism via homologous 
recombination among chromosomes of sister cells.  
 
Material and Methods 
 
Strains and growth 
S. solfataricus P1 (Zillig et al. 1994), M16 (Martusewitch et al.) and S. solfataricus PBL2025 
(Schelert et al. 2004a) and the several deletion mutants were grown aerobically at 80°C in the 
medium described by Brock (Brock et al. 1972), adjusted to pH 3 with sulfuric acid and 




agitation (ca. 150rpm in NewBrunswick shaker). Growth of cells was monitored by 
measuring the optical density at 600 nm. Solid media were prepared by adding gelrite to a 
final concentration of 0.6% and Mg2+ and Ca2+ to 0.3 and 0.1 M, respectively. Plates were 
incubated for five days at 78°C. For the propagation of plasmids E. coli strain DH5α was 
used. For the virus containing plasmids ElectroMAX™ E. coli Stbl4™ cells (Invitrogen, 
Germany) were used.  
 
Treatment with UV – light  
For the UV-treatment all preparations were performed under red dimmed light.   Aliquots of 
10 ml S. solfataricus culture (OD600nm 0.3-0.5) were transferred to a 110 mm plastic petri dish 
and treated with a defined UV-dose (λ 254 nm, UV-Stratalinker 1800, Stratagene). The 
treated cultures were combined to a final volume of 20 ml. The mock treated cultures were set 
for 5 sec under red dimmed light. The treated cultures were stored in the dark at RT for 15 
min and were re-incubated at 78°C and 150 rpm. Samples at different time points were used 
for microscopy, cell vitality and electron microscopy analysis.  
 
Electron microscopy and single-particle analysis 
For image processing, cells with attached pili were negatively stained with 2% uranyl acetate 
on glow-discharged carbon-coated copper grids. Electron microscopy was performed on a 
Philips CM120 electron microscope operating at 120 kV with a LaB6 filament. Images were 
recorded with a 4000 SP 4K slow-scan CCD camera at 60,000 x magnification at a pixel size 
of 5.0 Å at the specimen level with “GRACE” software (Oostergetel et al. 1996). Single 
particle analysis was performed with the Groningen Image Processing (“GRIP”) software 
package on a PC cluster. Non-overlapping pili segments were extracted from the micrographs 
and aligned with correlation methods. The aligned projections were treated with multivariate 
statistical analysis in combination with hierarchical classification before final averaging 
(Penczek et al. 1992; van Heel et al. 2000). 
 
Plasmid construction for expression in S. solfataricus and E.coli 
The genes sso0117 and sso0118 were cloned in the same arrangement as found in the 
genomic context into the virus based expression vector pMJ05 (Jonuscheit et al, 2003) via the 
entry vector pMZ1 (Zolghadr et al. 2007). The expression of both genes from the resulting 
plasmid pSVA96 could then be induced by the addition of 0.4% arabinose to the medium of 





SSO0118 was amplified using 118-forward-NcoI and 118-reverse-BamHI and cloned into 
pZA7, which added an HA-tag to the protein and resulted in pSVA133. By NcoI-HindIII 
restriction the sso0118-HA part was then transferred into pBAD/Myc-HisA yielding 
pSVA134. To achieve co-expression with the peptidase a fragment containing pibD under the 
control of the T7 promoter was cloned from pUC18-pibD into pSVA134 by SphI restriction 
resulting in pSVA135.  
 
Expression of SSO0117/118 in ΔFlaJ 
For the expression of SSO117/118ΔFLaJ was grown to an OD600nm of 0.2. Cells were then 
transformed as described by Jonscheit et al. 2003 with pSVA96. After two days the cultures 
were transferred to medium containing 0.4% arabinose to induce the expression of 
SSO0117/118. At an OD600nm of 0.5 cells were analyzed by electron microscopy. 
Construction of plasmids for the directed deletion of genes 
The up- and downstream flanking regions of sso0120 were amplified using primer pairs KO-
UP forward/KO-UP reverse and KO-DOWN forward/KO-DOWN reverse, respectively. The 
resulting fragments were cloned using KpnI/NcoI for the upstream flanking region (1099 bp) 
or BamHI/ NotI for the downstream flanking region (924 bp) in pET2268, a vector containing 
the lacS cassette for selection, yielding pSVA37. Electroporation of the knockout plasmids 
and selection for correct deletion mutants were performed as described in Albers and Driessen 
2007. 
Southern blotting 
Genomic DNA (8 ηg) was digested with the appropriate enzymes and separated on 0.8% 
agarose gel. The gel was equilibrated in 20x SSC and the DNA was transferred overnight to a 
positively charged nylon membrane (BIO-RAD, the Netherlands). DNA hybridization was 
performed in standard hybridization buffer. PCR products of both lacS and sso120 gene were 
digoxigenin-labelled with the HighPrime Kit (Roche, the Netherlands). Detection was 
performed as recommended by the manufacturer using a LumiImager (Roche, the 
Netherlands). 
Expression analysis in knockout strain 
Total RNA isolation and cDNA synthesis were performed as described previously (Zolghadr 
et al, 2007). Gene specific primer sets (1-7) were used to detect the presence of the genes in 





Growth conditions and preparation of E. coli crude membranes 
BL21 (DE3) (pLysS) E. coli cells were transformed with plasmids pSW017, pSW018, 
pSW019 and pSW020. The cleavage assay was performed as described before in (Szabo et al, 
2007a). At an OD 600 nm of 0.6 the expression of the precursor genes, sso0117/118, was 
induced by addition of 0.2% L-arabinose for 2h. Subsequently, the expression of PibD was 
induced with 0.1 mM IPTG (isopropyl-b-D-thiogalactopyranoside) for 2 h. The cultures were 
harvested the cell pellets were resuspended in 2 ml of buffer (50 mM Tris-HCl, pH 7.5, 1 mM 
EDTA). Crude membranes were isolated as described previously (Szabo et al, 2007a) and 
resuspended in 50 mM Tris-HCl, pH 7.5. Cleavage of substrates was determined by SDS-
PAGE and Western blot analysis of 5 μg of crude membranes. Substrate proteins were 
detected using monoclonal anti-hemagglutinin antibodies (Sigma). 
 
Treatment with UV – light  
For the UV-treatment all preparations were performed under red dimmed light.   Aliquots of 
10 ml S. solfataricus culture (OD600nm 0.3-0.5) were transferred to a 110 mm plastic petri dish 
and treated with a defined UV-dose (λ 254 nm, UV-Stratalinker 1800, Stratagene). The 
treated cultures were combined to a final volume of 20 ml. The mock treated cultures were set 
for 5 sec under red dimmed light. The treated cultures were stored in the dark at RT for 15 
min and were re-incubated at 78°C and 150 rpm. Samples at different time points were used 
for microscopy, cell vitality and electron microscopy analysis.  
 
Microscopy and quantitative analysis of cell aggregate formation 
Cell aggregate microscopy was performed as described (Fröls et al. 2007). To quantify the 
formation of aggregates, the frequency of cells in aggregates and the amount of aggregates 
were counted until 1000 or 500 single cells were observed and at least seven fields of views 
were analysed for each time point. To exclude that the cellular aggregates were not artefacts 
of the microscopic slide preparation only fields of views were analysed where the cells 
showed an even spreading. For the statistic analysis the percentage of cells in aggregates ≥ 3 
cells (to exclude the dividing pairs of cells), against the total amount of cells was calculated. 
Additionally the percentage of each aggregates size (from 3 to 15 cells) against the total 
amount of cells were analysed to observe the time and dose dependent formation of cellular 






Analysis of the cell vitality 
To analyse the cell vitality the LIVE DEAD Baclight TM (Invitrogen) assay was used under 
manufacture instructions. Alternatively, a combined DAPI propidium iodide stain was used. 
At 6h after UV-treatment the 20 μl liquid cultures were mixed with 2 μl propidium iodide 
(1:30 dilution in 10 mM Tris HCL pH 7.5) and incubated for 15 min in the dark at room 
temperature. Microscopic slides were coated with 1% agar (10 mM Tris HCL pH7.5) 
containing 0.2 μg/ml DAPI. 5 μl of the propidium iodide were spread on the coated slide and 
immediately examined. To analyse the amount of dead cells in aggregates in relation to the 
living cells in aggregates, a minimum of 50 cellular aggregates of ≥ 3 cells were counted for 
each UV-dose.  
 
Testing of various stress factors 
For the temperature shift, 20ml aliquots of an exponentially grown S. solfataricus culture 
(OD600nm 0.3-0.5) were transferred from 78°C to 88°C or 65°C, additionally control cultures 
were transferred to 78°C and 150 rpm. Samples for the quantitative analysis of the cellular 
aggregation were taken at 0h, 1h, 3h, 6h, 8h, and 10h after transfer. 
For the pH shift, 20 ml of an exponential S. solfataricus culture were harvested for 10min at 
4000 rpm and 4 C°. The supernatants were removed and cell pellets were resuspended in 20 
ml of Brock's basal salt medium supplemented with D-arabinose (0.2%) and tryptone (0.1%) 
at pH 4, pH 2.5 and pH 3, respectively. Freshly inoculated cultures were incubated at 78C° 
and 150 rpm. Samples for the quantitative analysis of the cellular aggregation were taken at 
0h, 3h, 6h, and 8h after pH-shift. For the treatment with the DSB (double strand break) 
inducing antibiotics bleomycin and mitomycin C, 20 ml of an exponential S. solfataricus 
culture were treated with 3 ug/ml bleomycin (Bleocin TM, Calbiochem) or 5, 10 and 15 μg/ml 
mitomycin C (Sigma) and re-incubated at 78 °C and 150 rpm. The treated cultures and the 
control cultures were plated on Brock's solid media at 1.5h after re-incubation. Survival rates 
confirmed the use of a non-lethal drug concentration for both antibiotics as descript in the 
literature (Grogan 2001, Kosa essigmann 2004, Cannio 1998). Samples for the quantitative 
analysis of the cellular aggregation were taken at 0h, 3h, 3h, 6h, 8h, and 10h after drug 
treatment. 
 
Conjugation assay for S. solfataricus 
The assay was based on the transfer of the ß-galactosidase encoding reporter gene lacS from 




we selected for pyrEF auxotrophic cells with 5-FOA. Only derivate conjugates and M16 are 
able to grow under these conditions and only positive conjugates would additionally form 
blue colonies. For each conjugation test a minimum volume of 60 ml of an exponentially 
grown S. solfataricus culture (OD600nm 0.2–0.4) was used. The treatment was performed as 
described above under red dimmed light. Aliquots of 10 ml culture were poured into petri 
dishes and evenly spread by moderate shaking. Cultures were treated with UV light in the 
UV-crosslinker (254 nm, 75 or 50 J/m2). Control cultures were treated under red light only. 
All experimental cultures had a final volume of 20 ml, for the recombination mix the S. 
solfataricus strains P1 (lacS+/pyrEF+) and M16 (lacS-/pyrEF- ) were mixed in a ratio of 1:1. 
Flasks were stored in the dark for 15 min at room temperature; 40 μl of uracil (12.5 μg /ml 
final concentration) were added and re-incubated at 78°C for 6h and 150 rpm. Samples for 
plating were taken at 6h after UV-treatment and diluted in Brock's basal salt pH 3, without 
carbon sources.  
To determine the colony forming units (cfu) without selection, cells were plated on Brock's 
basal salt solid media with D-arabinose (0.2%) and tryptone (0.1%) with 10 μg /ml uracil.  
To analyse the revertation and mutation frequencies event/cell, the median of the 
cfu/ml with selection (5-FOA) were determined and divided by the median of the cfu/ml 
under non-selective conditions. To identify pyrEF auxotrophic mutations of strain P1 (pyrEF+ 
to pyrEF-) 200 to 800 cells, for the pyrEF revertants of strain M16 (pyrEF- to pyrEF+) 500 to 
1500, cells were observed for each experiment. To identify lacS- mutations of strain P1 (lacS+ 
to lacS-) 700 to 2500 cells and revertations of strain M16 (lacS-- to lacS+) 1000 to 3000 cells 
were observed by microscopy for each experiment. To determine the recombination 
frequency event/cell the median of the positive conjugates (lacS+/pyrEF-) cfu/ml with 
selection (5-FOA) were determined and divided by the median of the cfu/ml from all 
observed colonies under non-selective conditions. To identify positive ex-conjugates 
(lacS+/pyrEF-) cfu/ml with selection (5-FOA), in total of all UV-experiments >13000 cells 
were counted and 788 positive ex-conjugates were identified. In the case of the control 
experiments in total >11000 cells were counted and 5 conjugation events were identified, 
which correspond to the determined mutation frequency of P1 of 10-5 events /cell.   
Results 
UV-inducible Induction of Operon SSO0120  
Induction of the genes sso0118 and sso0117 belong to the strongest and fastest transcriptional 





solfataricus cells to UV-light (Froels et al. 2007). These genes belong to a cluster, and 
possibly an operon, of five genes (sso0117 through sso0121) all of which were very strongly 
induced with a maximal induction of 14-fold for sso0118 (Fig. 1). The transcriptional 
increases were observed at 1.5 to 5 hours after UV-treatment. A similar transcriptional 
reaction pattern for (sso0121, 120, 119 and 117) of these genes was observed over the time 
course of 8.5h hours, but not for the genes flanking upstream or downstream (sso116 and 
sso115, sso0122) indicating transcription from a common promoter, as suggested earlier 
under non-inducing growth conditions (Albers, 2005). Only gene sso0118 deviated from the 
UV-dependent pattern and appeared up to 3.5(6)-fold higher induced, which may indicate an 
additional promoter in front of the gene or alternatively, a higher stability of the transcript 
(Fig. 1B). 
Bioinformatic analysis indicated a putative type IV pili biogenesis operon, represented 
by a type II/IV secretion system ATPase (SSO0120) and an integral trans-membrane protein 
(SSO0119) (Fig. 1A). The deduced protein sequence of the ATPase contains Walker A/B 
sites and the conserved domain (virB11-related ATPase COG630N) was found from position 
85 to 369aa and clustered by sequence analysis into the TadA subfamiliy of the type IV 
ATPases (Planet et al. 2001). Nine transmembrane helices can be predicted for SSO0119 and 
a conserved domain was found from position 109 to 456 (TadC, COG2064N). Both proteins 
were found to be homologous to the Tad system (TadA and TadB/TadC), which conveys non-
specific tight adherence of Actionobacillus on surfaces (Kachlany et al. 2001). The last two 
proteins, SSO0118 and SSO0117, exhibited an N-terminal signal sequence as found in type 
IV pilin precursors which belong to the class III secretory signal peptides. No functional 
predictions could be made for the first gene, sso0121, which encodes a highly hydrophilic 






Figure 1. (A) Composition and characteristics of the ups-operon (UV-inducible typeIV pili 
operon of Sulfolobus) (top) and its expression profile upon UV-treatment (bottom), extracted 
from whole genome microarray data (Froels et al. 2007). (B) The curves display mean values 
of 2 to 4 biological replicates for each time point. A UV dose of 75 J/m2 at 254 nm was 
applied to exponentially grown cells of a S. solfataricus culture. 
 
The putative pili operon is highly conserved in the order Sulfolobales, with the same gene 
arrangement in the strains S. tokodaii and S. acidocaldarius (not shown and Szabo et al, 
2007a). Further similarities were only found to genes of the hyperthermophilic crenarchaeon 
Metallosphera sedula, belonging to a closely related order. In M. sedula, homologues of 
sso0120, sso0119 and sso0117 formed an operon structure whereas sso0118 was found in a 
different genomic region. 
 
Maturation of prepilins  
Both SS0117 and SSO0118 contained the predicted cleavage site for the type IV prepilin 
peptidase PibD, an aspartyl type IV prepilin signal peptidase (Fig. 2) (Albers 2003, Szabo et 
al, 2007a). In SSO0117 only 6 amino acids and in SSO0118 16 amino acids would be cleaved 
by PibD (Fig. 2A). The ORFs of SSO0117 and SSO0118 were cloned into an E. coli 
expression vector already containing PibD (Szabo et al, 2007a). Using the in vivo assay the 
expression of the prepilin proteins was induced for two hours before the expression of the 
peptidase was induced. Western blot analysis of crude membrane extracts of the recombinant 









when compared to the full length protein (Fig. 2B, lane 2 and 3). Cleavage of the signal 
peptide of SSO0117 could not be observed, most probably because the difference between the 
pre-protein and the processed form does not differ enough to be separated on SDS-PAGE. 
Experiments to separate these two forms in IEF gel electrophoresis failed. 
 
Figure 2. Analysis of the pili proteins UpsA/B (SSO0117/118). (A) The upper panel shows the 
N-termini of both proteins. The processing site of PibD is indicated by an arrow. (B) The 
lower panel shows the result of an in vivo cleavage assay of SSO0118-HA by PibD in E.coli. 
Expression of SSO0118-HA was detected by by Western Blot analysis using HA-tag 
antibodies. Lane 1: expression of SSO118-HA in the  absence of PibD; lane 2: expression of 
SSO0118-HA two hours after arabinose induction; lane 3: 2 hrs after induction of PibD by 
IPTG  
 
UV-induced pili formation  
We used electron microscopy to analyse cellular surfaces in order to search for pili formation 
upon UV treatment. To exclude that any extracellular structures were not artefacts of flagella 
we used the S. solfataricus knock out strain ΔFlaJ that does not produce flagella (Szabo et al, 
2007b). Only on the surface of the UV-treated cells, we observed pili-like structures (Fig. 
3A), none were observed on untreated cells. These pili structures were spread over the whole 
surface and were not polarised at one cell side. Most of the cells of a UV treated culture 
contained many pili, some had less or very few (only 2 to 3 pili); only few cells did not 
expose pili on their surfaces at all. A time series experiment showed that first pili-like 
structures were observed at 1h after UV-treatment.  
In comparison to the flexible flagella, the pili showed a more straight and rigid 
structure. Pili of up to 16 μm in length or even longer were observed. However, such long 
filaments where only found detached from the cells, which indicates that they are more fragile 
than flagella. Because the pili appeared straight for most of their parts, it was possible to 
process them by single particle analysis selecting straight segments of almost up to 1000 Å. 
About 700 hundred segments were extracted from long pili, aligned and summed. The final 
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average projection map is shown in Fig 3B. The structure appeared to be built up from three 
evenly spaced helices. The pitch (repeating unit) of the pili was 155 Å and the maximal 
diameter was about 100 Å. In the negatively stained samples the single helices appeared 
almost uniformly stained and there were no clear density differences that could give clues 
about the handedness (left- or right handed) of the helices.  
 
Cellular aggregation after UV-treatment 
The appearance of pili upon UV treatment that could mediate cell-to-cell contacts inspired us 
to analyse microscopically the formation of cell aggregates (Froels et al. 2007). We have 
shown earlier that aggregation occurred with high frequency independent of the S. 
solfataricus genotypes, because experiments with four different strains (P1, PH1, M16, PH1 
(SSV1)) showed the same phenotypic reaction. With increasing time after UV treatment, a 
growing number of cells were found in aggregates with the highest amount of aggregation 
found at 6 to 8 hours after UV treatment (Froels et al. 2007 and Fig. 7). The aggregates 
increased also in size, starting with three to five cells were found in the early aggregates. The 
shape of the early aggregates seemed to be random, as variations of pyramids, circle shapes, 
straight and branching chains were observed (not shown). In the later stages (6h) the cells 
accumulated to big clusters of >100 cells. As it was impossible to count the number of cells in 
such aggregates, our quantitative data (% cells in aggregates of total cell count) generally 
represent an underestimate. 
Attempts to destroy the cell-cell connections by shear force experiments resulted in 
destroyed cells at all stages but not in disaggregation, indicating a high stability of the 
aggregates. The induction of cellular aggregation was UV-dose dependent (see Fig. 4A). We 
treated the cells with seven different UV doses ranging from 5 J/m2 to 1000 J/m2. Growth 
retardation of the respective cultures was directly proportional to the applied UV-dose (data 
not shown). Highest cellular aggregation was observed 6h after UV – treatment, i.e. at the 
expected maximum. The highest amount of cellular aggregation was found with 75 J/m2 (at 
least 50 to 70% of cells were found in aggregates) whereas with a UV-dose of 50 J/m2 ca. 40 
to 45% of the cells were found in aggregates of ≥ 3 cells. Even the lowest dose of UV-light of 
5 J/m2 induced the cellular aggregation, whereas the high UV-doses of 200 J/m2 and 1000 
J/m2 showed a very low, respectively, no significant aggregation reaction. We also observed a 
strong correlation between the size and amount of cellular aggregates (Fig. 3B). Low doses of 
5 J/m2 and 10 J/m2 resulted in cellular aggregates of < 7 cells. Only upon a UV-dose of 50 





size 12-15 cells). In the case of the high UV-doses of 200 J/m2 and 1000 J/m2 no aggregates 
larger then 4 cells were observed.  
 
 
Figure 3. Electron microscopical analysis of UV inducible pili in S. solfataricus. (A) ΔFlaJ 
cells were analyzed by electron microscopy 3h after UV light treatment (A I, II and III) and 
mock treatment for the control. (B) Image processing of pili. Left: projectiom map obtained 
after processing 700 non-overlapping fragments of straight pili. Right: scheme of 3-stranded 
helical arrangement of the pili overlayed. The horizontal lines indicate the pitch of the 
structure, which is 155 Å. 
 
By using different life and death staining techniques (see methods and material), we 
investigated if the cellular aggregation could represent an accumulation of dead cells (see 
Tab. 3). In the case of the lowest UV-dose of 5 J/m2 only 8% of the total cells in aggregates (≥ 
3 cells) were dead. The amount of dead cells increased proportionally with the UV-dose but 
was far lower than the number of living cells. 64% of the total cells in the infrequent 
aggregates at 200 J/m2 were not alive. But at lower UV-dose, like 75 J/m2 even big aggregates 
of > 20 cells were almost uniformly constituted of living cells (Fig. 4C).   
 
 
Figure 4. Aggregation of S. solfataricus cells after treatment with different UV doses (A) 
Quantitative analysis of cellular aggregation at 6h after UV treatment. Exponential cultures 






aggregates (≥ 3 cells) is given in relation to the total cells. For each UV dose the amount of 
cells in and outside aggregates were counted until 500 single cells were found. The bars 
display the mean of three independent experiments, except for 5 and 10 J/m2 (see asterisk), 
where only one experiment was performed. (B) Light micrograph of S. solfataricus cell 
aggregates at 6h after UV treatment with different UV doses. The size of the aggregates 
increased with the UV dose, the biggest aggregates were found after treatment with 50 J/m2 
and 75 J/m2. (C) Fluorescence micrograph of a S. solfataricus cell aggregate at 6h after UV 
treatment at 75 J/m2. Cells were stained with the LIVE DEAD Baclight TM (Invitrogen) assay. 
Living cells are labelled in green and dead cells in red. Big aggregates of >20 cells were 
mostly found at 3h after treatment. For quantitative analysis of the cell vitality at different UV 
doses see table 1. 
 
Table 1    
 
 
The gene products of the UV-inducible pili operon are responsible for pili formation and 
mediate cellular aggregation  
To proof that pili were indeed assembled from components expressed from the putative pili 
operon, a deletion mutant was constructed in which the ATPase (SSO0120) was replaced by 
insertion of the lacS gene via a double cross over. The successful knock out of the SSO0120 
gene, was confirmed by Southern-analysis and RT PCR (see Fig 5A and B). The RT-PCR 
showed that under inducing conditions the sso0120 mRNA was absent, while the downstream 
genes of the operon were still expressed. After UV-treatment of the mutant ΔSSO0120 we 
could not observe any pili-like structures on the cellular surfaces by electron microscopy (Fig. 
5C Ia and Ib). As control we used the parent strain PBL2025 (Schelert et al. 2004b), which 
clearly showed pili-like structures beside the flagella on its cellular surface upon exposure to 
UV light (Fig. 5C IIa and IIb). Overexpression of both pilin genes, sso0117 and sso0118, in  
ΔFlaJ strain using the virus based vector construct pSVA96 resulted in the assembly of fewer, 
 
Cell vitality of S. solfataricus cells in aggregates after treatment with UV light 
 








 at 6h after UV treatment a live and death stain was performed  (see methods and material 
and also fig. 3D). A minimum of 50 aggregates ≥ 3 cells, were counted per each UV dose 





but extremely long and irregular pili (Fig. 6). This demonstrated that the two prepilin genes 




Figure 5. Analysis of the SSO0120 knockout strain. (A) Southern Blot analysis of wild type 
PBL2025 and the ΔSSO0120 strain. Genomic DNA of both strains was digested either with 
HindIII or EcoRI. (B) RT-PCR analysis of PBL2025 and Δ120 strain after UV stress. The 
position of the primers used for the PCR reactions are indicated by the same number above 
the gel and the map of the operon. (C) Electron micrographs of PBL2025 (IIa and b) and 
ΔSSO0120 (Ia and b) 3h after UV treatment.  
 
 
Figure 6. Electron micrograph of a ΔFlaJ cell 
overexpressing pilins, SSO117/118. (Two pictures 
were assembled to show the length of the pilus).  
 
The ΔSSO0120 strain was also tested for its ability to  
form cellular aggregates upon UV-exposure. After a 
treatment with a UV–dose of 50 J/m2 no significant 
cellular aggregation of more than 4 cells was observed        
(Fig. 7). 
 
Figure 7. Quantitative analysis of 
UV-induced cellular aggregation of 
different S. solfataricus strains at 0 
to 10 hours after treatment. The 
graph is based on four independent 
UV-experiments for each strain. 
Cellular aggregation was observed 
at 3h, 6h, 8h, and 10h after UV-
treatment with 50 J/m2 (254nm). The 
bars display the % amount of cells 
in aggregates (≥ 3 cells) in relation 





 (500 to 1000 single cells were counted). No UV-induced cellular aggregation was observed 
in the knock out strain ΔSSO0120. Similar results were observed by using a UV dose of 
25J/m2 (254nm). 
 
The amount of cells in aggregates accounted for less than 10% in the UV-treated culture and 
the control (mock treated) culture, similar to the % amount of cells in aggregates observed for 
the mock treated cultures of the other four tested S. solfataricus strains.  
The S. solfataricus strain P1 and the M16 (P1 ΔlacS) showed a maximum aggregation 
at 6h to 8h after treatment, with an average of 45-50% cells in aggregates. In the same 
experiment, the PBL2025 and the ΔFlaJ strains exhibited a shifted maximum at 8h to 10h and 
a lower amount of aggregation with an average of 20%. The weaker reaction is most probably 
due to the different genotypes of these strains, which stem from PBL2025, an isolate from 
Yellowstone Nationalpark S. solfataricus 98/2s (Schelert et al. 2004). Comparable results 
were observed when using a lower UV-dose of 25 J/m2. Again, no significant cellular 
aggregation was observed for strain ΔSSO0120. The P1 and M16 strains showed a 30-40% 
lower amount of aggregation, as expected in relation to the lower UV-dose. The amount of 
cells in aggregates in the case of the PBL2025 strain stayed the same, whereas in the case of 
the ΔFlaJ strain the amount of cells in aggregates increased to >30% and the maximum 
shifted to 6h. 
Based on these results we concluded that the UV-induction of the putative pilin 
operon, the inducible pili production and the cellular aggregation were functionally linked to 
each other. Based on the observed properties we named the newly identified operon UPS for 
UV-inducible typeIV pili operon of Sulfolobus, represented by the genes upsX, upsE 
(ATPase), upsF (TM protein), upsA and upsB (prepilins)  
 
Cellular aggregation is not inducible by other environmental stressors or in late growth 
phases 
To analyse if cellular aggregation can be induced by other conditions than UV-light exposure, 
four strains that harbour the wild-type of the ups operon were used: S. solfataricus strains P1, 
M16, PBL2025 and ΔFlaJ. We monitored and quantified the extent of cellular aggregation 
after a temperature shift from 78°C to 88°C (heat shock) and down to 65°C (Kagawa et al. 
2003 ), which corresponded to non-lethal heat- and cold shock conditions that might be often 
encountered in hot springs. PH shifts from pH 3 to pH 4 and down to pH 2.5 were similarly 





none of the four tested strains. The % amount of cells in aggregates (≥3 cells) was all below 
10%. (not shown).  
We also monitored the extent of cellular aggregation in the late growth phases of the cultures, 
from stationary to death phase (three time points for each phase). Only at the beginning of the 
late stationary phase, i.e. at the beginning of growth retardation, a slightly increased cellular 
aggregation was noted. For strain P1 up to 24% of the cells were found in aggregates of 4 to 7 
cells at most, while the % amount of cells in aggregates (≥3 cells) were lower than 10% in all 
other growth phases (not shown).  
 
Cellular aggregation is induced through treatment with DSB-inducing argents 
As a response of S. solfataricus to UV-light we observed earlier the formation of double-
strand breaks in the genomic DNA (DSB). Whereas cis-syn-cyclobutane pyrimidine dimers 
(CPD) represent direct DNA damages caused by UV-light effect, DSB are probably formed as 
a result of collapsing replication forks at unrepaired sites in the genomic DNA (Fröls et al. 
2007). It has been speculated earlier, that DSB might represent an intracellular signal for 
further cellular reactions (Garinis et.al. 2005). We were therefore inspired to test whether the 
formation of DSB is connected to the formation of cellular aggregates. We tested the 
induction of cellular aggregation, of the different S. solfataricus strains P1, M16, PBL2025 




Cellular aggregation in % after treatment with the DNA DBS-inducing agent 
mitomycin C a 
time in hours after treatment  
Strains 
 
Sample 3h 6h 8h 
5 ug /ml 5 10 10 
10 ug /ml 8 10 16 P1 (wild type strain) 
control 1 2 2 
5 ug /ml 1 10 9 
15 ug /ml 6 12 10 PBL2025 (parent strain) 
control 1 1 3 
5 ug /ml 1 1 2 
15 ug /ml 0 0 0 ΔSSO0120 
(knock out strain) 






 20ml of an exponential cultures of the S. solfataricus strains were treated with 5, 10 
and 15 μg/ml mitomycin C (Sigma) and re-incubated at 78°C and 150 rpm. The % 
amount of cells in aggregates (≥ 3 cells) in relation to the total amount of evaluated 
cells is given (500 single cells were counted).  
 
Cells were treated with different doses of bleomycin (3 ug/ml) and mitomycin C (5, 10 and 
15ug/ml) (Grogan 2001, Kosa essigmann 2004, Cannio 1998). These concentrations were 
non-lethal to the cells as investigated by plating efficiencies and growth behavious in liquid 
cultures (data not shown). Cellular aggregation was monitored at 3h, 6h and 8h after the 
treatment, in the treatment with bleomycin additionally at 1h and 10h. All tested strains, 
except the ΔSSO0120 strain showed a significant cellular aggregation in response to the 
agents. Eight hours after the treatment with bleomycin strains P1, M16 and PBL2025 
exhibited 25-35 % amount of cells in aggregates (Fig. 8), while aggregation in the mock 
treated cultures and the bleomycin-treated strain ΔSSO0120 remained below 10%. Similarly, 
although less strongly, mitomycin C induced aggregate formation in the ups-operon 
containing wildtype strains (P1, PBL2025), but not in the knock-out strain (not shown). These 
observations indicate that DNA damage and in particular DSBs might be a direct or indirect 
signal for inducing aggregate formation.  
 
  
Figure 8. Aggregate formation of different S. 
solfataricus strains after treatment with 
bleomycin (3 μg/ml). No significant cell 
aggregation was observed with the knockout 
strain ΔSSO0120. The bars display the % 
amount of cells in aggregates (≥ 3 cells) in 
relation to the total amount of evaluated cells 




UV- light induced conjugation in S. solfataricus   
In order to study, if conjugation frequencies in S. solfataricus are enhanced upon UV-light 
exposure, we have developed a conjugation assay based on the exchange of the reporter gene 
ß-galactosidase (lacS); between the lacS wild type strain (P1; lacS+pyrEF+) and a lacS-
deficient strain (M16; lacS-/pyrEF-). To distinguish the strains on plates, a 5-FOA negative 
selection was used, similar to that described by Grogan et al (1996). Only uracil auxotrophic 





blue colonies when exposed to the chromophore X-Gal. To calculate the conjugation 
frequency, we separately determined the recombination, reversion and mutation frequencies 
of the mixed and single cultures, respectively (for more details see material and methods). No 
reversion events of the mutated pyrEF or lacS genes of the M16 (lacS-/pyrEF-) strain were 
observed with or without UV-irradiation. The mutation frequency of strain P1 to pyrEF 
auxotrophy was on average 10-5/cell and experiment (similar to the determined mutation 
frequency for S. solfatarcius in Martusewitsch et.al. (2000). Using a UV-dose of 75 J/m2 a 
recombination frequency upto 1.11 x 10-2 was observed with 1:1 mixtures of strain P1 and 
M16, indicating that about 1 out of 100 cells exchanged the marker upon conjugation per one 
generation. At 50 J/m2 the conjugation reactions decreased by one order of magnitude to an 
observed recombination frequency of 1.09 x 10-3. No significant conjugational activity, i.e. 
enhanced recombinational events, was observed without UV-treatment. 
 
Discussion 
The special living conditions of Archaea in extreme environments make them 
interesting objects to study adaptations and stress responses. In particular hyperthermophilic 
and acidophilic Archaea like S. solfataricus have to deal with a constant stress and DNA 
damage in their harsh environments.  
Here we present the identification and characterization of an archaeal pili system that 
mediates cellular aggregation of S. solfataricus in response to UV-damage. The genes 
encoding the now called ups-operon for UV-inducible typeIV pili operon of Sulfolobus had 
earlier been identified to be UV-dependently induced in a genome wide DNA-microarray 
analysis (Fröls et al. 2007).  
To our knowledge this is the first reported study on a UV-inducible pili-mediated auto-
aggregation system. As discussed below, its induction seems to be coupled to the DNA 
double stand breaks caused by UV-irradiation. We suspect that cellular aggregation mediates 
DNA repair via conjugation, as we find increase in conjugation activity upon UV-irradiation 
and in transcripts of genes involved in homologous recombination.  
 
(i) UV-inducible pili mediate cellular aggregation 
By electron-microscopic analysis we found a strong correlation between the formation of 
extracellular pili on the cellular surface after UV-treatment and the expression of the ups-
operon, both of which appeared first at 1h after UV-treatment and reached a maximum within 




for the production of the pili we used the recently developed genetic system (Albers et al. 
2007) to produce a specific knockout of the putative secretion ATPase SSO0120. No pili 
structures were observed on the cellular surface of the ΔSSO0120 strain.  
By testing the ΔSSO0120 strain in a quantitative cellular aggregation analysis, we proved that 
the pili are necessary for the cellular aggregation of S. solfataricus after UV-treatment. 
Cellular aggregates were as infrequent (i.e. lower 10% of all cells) as in mock-treated controls 
of four different S. solfatariucs strains. Image analysis of isolated pili structures showed that 
the pili are much thinner in diameter and clearly distinguishable from the flagella of S. 
solfataricus (Szabó et al. 2007).  
These pili like structures are spread over the whole cellsurface. They are not bundled or 
polarized like the cable-like flagellar-bundles of Pyrococcus furiosus, which mediate cell 
attachment (Näther et al. 2006) or the type IV pili of the Tad system from Actinobacillus 
species that mediate non-specific adherence (Kachalany et al. 2000, 2001). Experiments to 
disconnect cellular aggregates by shearing forces failed, indicating that the cell-cell contacts 
were highly stable once formed and showing that the cellular aggregates were not a result of 
an unspecific accumulation. The latter was also ruled out by a live and death stain analysis 
(fig 4A).  
The detailed mechanism of auto-aggregation is, however, still unknown. It has been reported 
that the bacterial type IV pili are bound with their tip on surface structures or other cells 
(Mattick et al. 2002). We did not observe any attachment to surfaces. However, our 
experiments were performed under moderate shaking in glass flasks, such that one cannot rule 
out the possibility of surface attachment under different conditions.  
 
(ii) UV-inducible cellular aggregation is highly dynamic. 
A quantitative assay was developed in this study to analyze the dynamics of cellular 
aggregation in more detail. We showed that the aggregation is a fast process induced by the 
UV-dependent reaction of S. solfataricus and seems to occur in two phases. First, small 
aggregates of 3-5 cells accumulate, which later aggregate to bigger forms. The maximum of 
aggregation was reached at 6h to 8h after UV treatment, followed by a clear disappearance, 
interpreted as an active dissociation. One has to note that the absolute amount of cellular 
aggregation is by far underestimated because cell aggregates of more than 20 cells were 
uncountable. Maxi-aggregates with even up to 100 and more cells were found frequently at 6h 
after UV treatment. Furthermore, cell aggregates of two were not incorporated in the 





In correlation to the cell cycle length of S. solfataricus, which is around 7h, the dynamics of 
this process is relatively fast. For example, the cellular packets of M. mazei need 2 to 6 days 
to form the lamina structures, and then remain stable over 6-11 days until the culture reaches 
stationary growth phase and the lamina disaggregate (Mayerhofer et al. 1991). The stress 
induced biofilm formation of Archaeoglobus fulgidus occurs in  2-12 hours. But in this case 
no disaggregation was reported (LaPaglia et al. 1997).  
 
(iii) UV-light is the only identified stressor to induce auto-aggregation. 
It is reported that cells organized in multicellular structures show a higher resistance to 
different environmental stressors, like temperature, pH and also UV-light (Ojanen-Reuhs et 
al. 1996, Roine et al. 1998, Martinez et al. 2006). Treatment of the hyperthermophilic 
archaeon Archaeoglobus fulgidus, with a high dose of UV-light and other physical or toxic 
stressors results in a biofilm production. (LaPaliga et al. 1997). Mutants defect in the auto-
aggregation of the plant pathogen bacteria Pseudomonas syringae and Xantomonas 
campestris showed a higher sensibility to UV-irradiation, than the wildtype capable of 
forming multicellular structures (Roine et al. 1998, Ojanen-Reuhs et al. 1996). A decreased 
sensitivity to UV-light and other environmental stressors was also reported for biofilms of the 
yeast-like fungi Cryptococcus neoformans (Martinez et al. 2007). None of the stressors that 
we used for S. solfataricus induced cellular aggregation, nor did late growth phase stages. 
This stands in contrast to all given examples of multicellular structures, which are typically 
interpreted as an advantageous life form under harsh or specialized environmental conditions. 
Thus S. solfataricus shows a unique multicellular formation, which is not a general effect of a 
stress response.  
Interestingly, the extent of cellular aggregation (aggregate sizes and % amount cells involved) 
was dependent on the UV-dose. Relatively high doses of UV-light, like 200 J/m2 or 1000 J/m2 
resulted in an unsignificant amount of small aggregates (≤ 4 cells) and killed most of the cells. 
In contrast a relatively low dose of UV-light, like 5 J/m2 induced cellular aggregations. In 
Nature sunlight with ca. 96% UVA and 4% UVB reaches the ground and is the most DNA 
damaging factor. The daily dose of DNA-damaging UVB light on a sunny day in the northern 
and southern world hemispheres is measured between 1-3 kJ/m2 over 24h (depending on the 
season). The experimentally used UVC (254 nm) is about 100 fold more effective than UVB 
in inducing CPDs (Kuluncsics et al. 1999). With reference to the observation that even low 




that this phenotypic effect reflects the behaviour of the organism to the sunlight in the natural 
environment.   
 
(iv) Cellular aggregation is induced by double strand breaks and might mediate a 
recombinational repair system via conjugation. 
Between 2 and 8 hours after UV treatment we observed the formation of DNA double-strand 
breaks (DSB), probably resulting from replication fork collapse at CPD damaged DNA sites 
(Fröls et al. 2007). These observations inspired us to investigate in this study if the cellular 
aggregation is causally linked to the presence of DSBs in the genome. Indeed, the DSB 
inducing argents Bleomycin and Mitomycin C caused the same phenotype of cellular 
aggregation as UV-light. Similarly, the proliferation of the Sulfolobus shibatae virus 1 (SSV1) 
can be induced by Mitomycin C as well as UV-light (Martin et al. 1984) indicating that the 
same internal signal cascades are involved. 
However, it is still unclear how DSB DNA might be sensed in the cells and how the signal is 
further transferred to induce the cellular aggregation and DNA repair reactions. A phototaxis 
mechanism is reported for Halobacterium salinarum that regulates the motor switch of the 
flagella. The UV-light is sensed by the sensory rhodopsin (Htr) and activates a Che-like two-
component system (Nutsch et al. 2003). However, both such components are not known in 
Sulfolobales. In Synechocystis PCC6803 Che-like histidine kinases control the cell orientation 
to the light and type IV pilus biosynthesis (Bhaya et al. 2001).  
During our experiment with the DSB inducing argents we observed that the deltaSSO0120 
strain reacted more sensitively to the treatment than the ups-wildtype strains. This leads to 
the hypothesis that the cellular aggregation is needed for an efficient DNA-repair. But it 
could as well be possible that aggregation is acting as efficiently as a physical protection 
mechanism simply providing shade within the tight cellular consortium.  
However, several lines of evidence indicate, that cellular aggregation might play an important 
role for mediating conjugation-dependent DNA repair via homologous recombinations: 
(I) Cellular aggregation of Sulfolobus has previously been reported in the context of 
conjugation mediated by plasmids (Schleper et al. 1995). The structure of the cellular 
aggregates was highly similar to the here described UV-caused phenotype. 
(II) We have observed UV-light enhanced conjugative activity in this study at the same UV-
dose ranges as used for inducing cellular aggregation and with a frequency that correlated 
with the applied UV dose. 





treatment with 70 J/m2 the highest recombination frequencies were reached (between 10-4 to 
10-1) (Wood, 1997).  
(IV) We found a slight, but significant up-regulation of the Mre11 operon upon UV treatment 
in S. solfataricus using whole-genome microorarrays (Fröls et al. 2007).  This operon encodes 
homologues of the eukaryotic system involved in the DSB repair via homologous 
recombination (Constantinesco et al. 2004, Hopfner et al. 2002). 
By integrating our observations we think that recombinational repair via homologous 
recombination and DNA exchange via cell-cell contacts might be an important strategy to 
overcome DNA damage in Sulfolobus caused by UV-light. Future studies will aim at 
investigating in more detail the nature of the cell-cell-contacts, e.g. if exo-polysaccharides are 
produced to stabilize the complexes and if aggregation can occur among closely related 
species. It will also be interesting to elucidate the transcriptional regulation of the UV-induced 
genes, with the perspective to clarify the signal transduction pathways that sense UV-
irradiation or DNA damage in crenarchaeota.  
Although the specific UV-inducible operon involved in pili formation in Sulfolobus is 
not conserved outside the order Sulfolobales, we consider it likely that cellular aggregation 
and enhanced conjugation might be a more general principle employed by microorganisms 
that are regularly exposed to sunlight. 
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The last chapter discusses the possibilities of single particle electron microscopy to 
discover novel structures in whole cells or cellular components, such as membranes. 
Emphasis is on aspects of obtaining 2D projection maps and their assignment in terms of 
protein or subunit composition. The method is suitable for all kinds of stable or transient 
complexes with a mass of at least several 100 kDa.  
This chapter also summarizes the results obtained in chapters 2-5 and includes some 





















 Structural information about large biomacromolecules can be obtained rather easy by 
single particle electron microscopy up to 10-20 Å (Van Heel et al. 2000; Frank 2002). A 
higher resolution can be achieved in case of ice-embedded particles or symmetrical 
complexes (Ludtke et al. 2004, Zhang et al. 2008). Very recently single particle averaging 
established itself as a high resolution technique. A cryo-EM reconstruction of viral protein 6 
(VP6) of a rotavirus was similar in clarity to a 3.8-angstrom resolution map obtained from x-
ray crystallography (Zhang et al. 2008). At this resolution, most of the amino acid side chains 
produce recognizable density. For non-symmetric objects such as membrane proteins this 
resolution is not achievable, but single particle averaging at lower resolution is still attractive 
if applied to negatively stained specimens with a mass between about 300 kDa and 2000 kDa. 
A major reason is that thousands of projections can be processed very fast, yielding 2D 
projection maps of at least 20 Å resolution. The statistical analysis and classification 
procedures used in single particle analysis have been developed for sorting different 
projection views originating from different conformations or subunit compositions. This 
works in a reliable and reproducible way if applied to purified proteins. But the possibilities 
of single particle electron microscopy go much beyond this, because heterogeneous, non-
purified sets of protein projections can also be handled, as will be discussed here. 
 Membrane protein complexes are more difficult to be purified to 100% homogeneity. 
Small numbers of fragments and/or contaminants co-purify when size-exclusion 
chromotography or sucrose density centrifugation is applied. For example, during the analysis 
of a large set of PSII complexes from spinach, a triangular shaped protein contaminant with a 
diameter of about 200 Å was present in a frequency of about 1%. By averaging 197 copies of 
projections, the contaminant could be designated as a multimer of seven copies of trimeric 
LHCII (Dekker et al. 1999). This assignment was possible because a high-resolution structure 
of LHCII trimers was available (Kühlbrandt et al. 1994). Even at the 20 Å resolution level, 
the match between the 2D EM map of the contaminant and the LHCII structure was apparent.  
In general, comparisons work the best if EM maps are compared with X-ray data that 
have been filtered to the same resolution as obtained by single particle EM. A more recent 
example is the assignment of a mitochondrial supercomplex of respiratory chain complexes. It 
could be shown that Cytochrome c reductase (complex III) is flanked by two monomers of 
cytochrome c oxidase (complex IV) (Heinemeyer et al. 2007). In less than 1% of the 




transient complex between green plant PSI and LHCII. So far this particle has not been 
purified (it appears to be too labile). After solubilization of photosynthetic membranes an 
oval-shaped complex could be found in the crude mixture of membrane proteins and analyzed 
by single particle analysis including statistical analysis. Comparison with the truncated high-
resolution structures of PSI and LHCII indicated how these components were arranged in the 
PSI-LHCII supercomplex (Kouil et al. 2005). 
 During research on cyanobacterial PSI and PSII several contaminants were noticed 
and averaged. Remarkably shaped contaminants were an unknown T-shaped particle that co-
purified with trimeric PSI from the cyanobacteria Gloeobacter violaceus and 
Thermosynechococcus elongatus (Mangels et al. 2002; Arteni et al. 2005) and an L-shaped 
particle in Thermosynechococcus elongatus (Arteni et al. 2006). So far the T-shaped particle 
could not be assigned; however for the L-shaped particle the identification was possible and 
this was due to the fact that only very few proteins are L-shaped, with complex I as a notable 
exception. Because it was known that complex I sometimes co-purifies with PS2 (Berger et 
al. 1991) the maps of the contaminant were compared with those of purified NDH-1, the 
cyanobacterial counterpart of complex I. This showed that the contaminant, found by 
occasion, was indeed identical to NDH-1 (Arteni et al. 2006).   
These results indicate that it is worth checking “rather pure” membrane protein 
complexes for interesting contaminants to discover novel structures. In this way the multimer 
of LHCII (Dekker et al. 1999) was found, as the most remarkable example. In a next step it 
was suggested to tackle even the complete set of structures from, for instance, a specific type 
of a membrane (Arteni et al. 2005). A strategy was proposed to assign novel, unknown 
structures to polypeptides in a rather systematic way by combining EM, gel electrophoresis 
and mass spectrometry. The core of this strategy is to correlate differences in numbers of the 
unknown structures, obtained by varying the extraction conditions with differences in protein 
bands on SDS PAGE gels. 
An example is provided by the multi-subunit complex PSII. Two batches of PSII from 
the cyanobacterium Thermosynechococcus elongatus where purified in a different way. They 
showed a difference in the 2D maps and on gels. A mass spectrometry characterization of the 
small PSII subunits showed that the difference could be assigned to the presence/absence of 








A search for novel membrane structures in cyanobacteria  
 
During the practical work performed for this thesis, the proposed analysis of a 
complete set of the larger integral membrane proteins from a specific type of membrane, after 
detergent disruption, was put into practice. Thylakoid membranes from the cyanobacteria 
Gloeobacter violaceus, Thermosynechococcus elongatus and Synechocystis 6903 were 
studied by single particle EM. Figure 1 shows a gallery of projections obtained from 
Thermosynechoccus elongatus after solubilization with digitonin, but without any 
purification step (see also: chapter 2 / Folea et al. 2008a for further details on solubilization). 
 
Figure 1.  A gallery of 2D projection 
maps from single particle EM of 
solubilized membranes from 
Thermosynechoccus elongatus and 
Synechocystis PCC 6803 
 (A) NDH-1 side view from T. elongatus, 
(B) NDH-1 top view from T. elongatus, 
(C) purified NDH-1 from Synechocystis 
(reproduced from Arteni 2006), (D-F) 
rod-like protein complex of unknown 
origin/function with a variable extension 
at the base, which could be detergent and 
lipid, from T. elongatus, (G) Photosystem 
II dimeric complex from Synechocystis, 
(H) Photosystem II double dimer complex 
from T. elongatus, (I) Photosystem II 
double dimer complex from 
Synechocystis, (J,K) a water-soluble 
hexagonal particle, tentatively assigned to 
glutamine synthetase in top- and side-
view position, (L) cyanobacterial 
fragment with trimeric symmetry assigned 
to allophycocyanin, (M) trimeric 
 photosystem I complex, (N) proton ATP      
 
synthase complex, (O) structure assigned to the GroEL-GroES supercomplex. Space bar for 
all frames equals 10 nm. 
 
Interpretation of all larger membrane proteins from Thermosynechoccus elongatus is 
in some cases straightforward. Well-known protein complexes such as trimeric PSI (Fig. 1M), 
dimeric PSII (Fig. 1G) and the ATP synthase (Fig. 1N) are recognizable from their shape and 
size. A novel “rod-like” complex of unknown composition (Fig. 1D) has been found but the 




A-C can be assigned to the NDH-1 complex. Interestingly, the side view map of Fig. 1A 
reveals a U-shaped particle having an extra density on its hydrophobic arm, as compared with 
the classical L-shaped particle obtained by purification (Arteni et al. 2006). Apparently the 
standard purification procedure of NDH-1, which includes dodecyl maltoside as detergent for 
solubilization, results in the loss of specific subunits. This observation triggered the 
assignment of this extra density, as discussed in chapter 2. Because the purification of the U-
shaped NDH-1 complex appeared rather difficult no purification was applied at all. By 
analyzing the U-shaped particles from a mutant lacking CupA and a double mutant lacking 
Cup A/B it was proven that the unknown density was CupA, as had been speculated before. 
 The images of frame H and I of Fig. 1 show a structure that was assigned as a “double 
dimer” of PSII. Larger numbers of double dimers were obtained in the digitonin solubilization 
experiments performed for assigning the unknown extra density of NDH-1. In addition to the 
double dimers, the EM specimens contained low numbers of non-solubilized membrane 
fragments. These fragments were thought to be composed of PSII, because similar semi-
crystalline arrays of the green plant Arabidopsis thaliana remained after detergent 
solubilization. The exact arrangement of the PSII arrays could be established; the analysis is 
presented in chapter 3 (see also Folea et al. 2008b). 
Several other cyanobacterial structures are awaiting further analysis. From the 
Synechococcus 7002 a mutant that lacks the IscA protein (plays a regulatory role in iron 
homeostasis and in the sensing of iron stress in cyanobacteria (Balasubramanian et al. 2006)) 
was studied. Under prolonged iron stress conditions of up to 20 days the cells produced large 
numbers of  straight protein filaments (Fig. 2A,B). Hundreds of small fragments of such 
filaments were processed by single particle EM. In the final projection map the protein(s) 
appear(s) to be arranged as a 1-start helix, which means that the filaments are built up from a 
single strand of linearly associated protein copies. The composition of the filaments is an 
open question. Although many cyanobacteria have appendages (flagella and/or pili), these 
filaments differ in their structure from the flagella and pili studied in other bacteria and thus 








Figure 2. Analysis of a helically arranged protein filaments in a IscA mutant of 
Synechococcus 7002. The space bar for frame B is 100 nm and for C 10 nm. (I.M. Folea, E.J. 
Boekema, C. Lubner and J. Golbeck, unpublished data). 
 
 
Protein complexes in Sulfolobus 
 
 Only a limited number of archaea have been subjected to structural studies, which 
make them interesting candidates for a search of novel protein structures. Two-dimensional 
cell surface layers (S-layers) are the most commonly observed cell surface structure in 
archaea. They have been studied in detail for more than two decades by electron microscopy. 
Another remarkable structure is the flagellum. The archaeal flagella are over 1 micrometer in 
length (Fig. 8, Chapter 1) and typically have a diameter of 10-15 nm. In the case of Sulfolobus 
solfataricus the bacterial flagellum consists of a single type of protein and has a diameter of 
145 Å (Szabó et al. 2007). Another type of appendage also exits in archaea, the pilus (plural: 
pili), but pili are poorly studied in terms of their overall structure. In chapter 5 we provide the 
first detailed description of pili in the domain archaea. In Sulfolobus solfataricus an operon 
encodes six genes, including a potential secretion ATPase, two prepilins, a putative 
transmembrane protein and a protein of unknown function. Electron microscopy and image 
analysis shows that the pili have a rigid structure, which is variable in length and composed of 
three evenly spaced helices with a total diameter of 100 Å, thereby clearly being 
distinguishable from the archaeal flagella, as could already be foreseen at low resolution (Fig. 
8, Chapter 1).  
How the archaeal pili are connected to the membrane is still an open question. In 
general, some common protein secretion complexes are organized into large structures such 
as the type II, type III and type IV secretion systems. Archaeal proteins homologous to type II 




in Sulfolobus that encode proteins with characteristics that are reminiscent of bacterial pili or 
type IV secretion systems (Albers et al. 2006). Many of the type IV pilin-like signal-sequence 
containing proteins in Sulfolobus solfataricus are extracellular sugar-binding proteins 
(discussed in Albers et al. 2006). The sugar-binding proteins are components of ABC 
transporters that function in the uptake of various sugars. It is possible that (some of) the 
sugar-binding proteins of Sulfolobus solfataricus are assembled into a large extracellular 
structure, tentatively called the bindosome (Albers et al. 2006). The structure and composition 
of such a bindosome might be well in the size range for a study with single particle electron 
microscopy.  
In a crude fraction of solubilized membranes from Sulfolobus solfataricus several 
types of large structures, including hexameric structures and particles with higher types of 
symmetry were observed. A rather homogeneous set of about 2000 projections was found by 
statistical analysis in a much larger data set. Further analysis yielded two related particles 
with 8-fold and 9-fold rotational symmetry, of which the projection maps are presented in Fig. 
3. It shows that the monomer comprising the rings of eight or nine copies is very similar, if 
not identical. Likely the complexes are an example of a protein that is able to associate in 
more than one type of a multimer. These multimers are intriguing structures within the 
context of the search for novel (membrane) structures by single particle electron microscopy. 
The composition of the multimers of Fig. 3, however, has not yet studied. What they can 
possibly be? One candidate is the superfamily of secretion ATPases, involved in type II and 
type IV secretion. Recently the structure of an archaeal secretion ATPase, GspE, was 
determined (Yamagata and Tainer 2007). However, it appears to be a hexamer with a shape 
different from the single monomer of the octamers and nonamers of Fig. 3. Another candidate 
is the chaperonin TF55, which is a ubiquitous multi-subunit protein that mediates protein 
folding and assembly. The molecular chaperonin TF55 from Sulfolobus solfataricus can form 
octamers or nomemers with a diameter of 160 Å (Knapp et al. 1994; Schoehn et al. 2000), 
which is compatible to the size of the particles from Fig. 3. This leads to a tentative 









Figure 3. An unknown protein complex from Sulfolobus solfataricus. The protein complex 
appears to be present as a structure with 8-fold rotational symmetry (A) or with 9-fold 
symmetry (B). A total of 960 projections were summed in the map of (A) and 490 in the map 
of (B), respectively, indicating that the octamers are slightly more abundant. The space bar is 





They are presented here some examples which show that single particle electron 
microscopy can be wider applied than just performing a structure determination of a highly 
purified protein complex. Obtaining two-dimensional projection maps is a fast process but 
assignment of these maps can be a tedious process. The method is very suitable for 
determination of transient complexes or complexes that are inherently heterogeneous. The 
method works on the level of a specialized membrane, as we have shown for the 
photosynthetic membrane of cyanobacteria.  
There are no obvious limits in data acquisition or computing power to perform in the 
near future an analysis of the complete set of larger structure of water-soluble cell 
components from, for instance, a simple type of prokaryote under two different sets of growth 
or stress conditions. Time will tell if such a “electron microscopy structuronomics” will be a 
good way to generate novel insights on a (sub)cellular level like genomic and proteomics 
approaches are. Likely EM will be useful in structural biology, because it remains unique in 
detecting and characterizing single molecules, with single particle image analysis as the 
magic tool by extracting the signal from many particles, in a role similar to the PCR machine 
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